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,.~ .' RCFOREWORD .

A xm s ofthe eara preceding 1940 revealed more 8ince the materialtraeintmisotdpctd

aftuawdon, many scientilts ithscounary came to macuographa anre importantpa oft sq4
realize the "-I4 ot oraizn cientict research fcr these aspects of NDRC rmrb
service in a national eme-gency. Reco, szrandations 'In contrast to the information on radar, which is
whic h they made iýo the White Rouse were given care- of widespread intere'.t and much~ of which Is relea~d
ful and sympAthetic attention, and is a res'tlt the to the public, the research. on subsurface werfere is
National Deferise Research Committee (F' RC] was largely classified and is of general interest to a move
Uinied by lRxecutive Order of the Presldent In the restricted group. As a consequence, the report of
Eummer of 194(0 The members of NDRC, app~iuted Division 6 is found almost entirely in its Summary
by the President, were instructbd to supplement the Technical Report, which r- a to over twenty volum as.
work of the Army and the Navy in thio developmeut The extent of the work of a division cannot therefore
of the instrumentalities of war. A year later, upon the be judgofA solely by the number of volumes devoted
establishment of the Offce of Scientific P'eaw-ch and to it -* the Sumviary Technical Report of NDBO;
Development EOSRD]D NIYRO betame one of its units. account must be taken bf the monographs aw'l avail-J

S The Summary Technical Report of NDBC is a able reports published elsewhere.
conscientious effort on the p~art. of 'N'DRC to summa- The research program of Division 2, Res~t under the
rite and evaluate its work and to present it in a useful leadership of John &. Burehard and then of H. Bright

*and permanent form. It comprises some seventy Tol ' Wilson, Jr., includtd studies of underwater explosions,
umnet broken into groups corresponding to the NDRC of muzzle blast eflects in high velocity guns, the ter-

*Divisions, Panels, and committees. minal ballistics of concrete and plastic arw~r, and
The Summary Tech~ica1 Report of each Divistirn, defenses against shaped-charge projectilea, to name

Panel, or Committee is sn integral survey of the work but a few of the projects des'iribed in the Division's
I of tbhat group. The first volume of each group's report Summary Technical Report, which has been prepiireA

4 co'atains a summary of the report, stating the preblems under the direction of the Division Chie'f and has becm
j prcacnted and t~he philoauphy of attalling themi, and authorized by him for publication.

* suiumarizing the results of the research, development, The most dramatic example of the work P!f Divi~sion
I 'wd training activities undertaken. Some volumaes may 2 was the stud,7 of bombs of the hlockbustei type.

* be "state of the art" treatises covering sulbjects to The blockbuster was th exclamation on tof which various research groups have contributed in- gram of recearch aimed al; establishing prineipica.)
formation. Others may contain descript~ions of devices the selection of weapons designed to achicve maximum
dovelopcd in the laboratories. A master index' of all dnmr~e against a given target for a given exponditure
tbCCo divisional, panel, atd committee reports which of energy. Tha Division's study on the eCucta of explo-
t'xYether constitute the Sum, cry Technical Report sions in variuut types of toil is a proiect of gr- 4 wi-

' of NDr.C is contained in a separate volume, which portance to a work in which any next war may Involve
*also includes the index of a microfilm, record of per. attomio bombs =nd guided wissilea. We join the notion
*tinent technical laboratory reports and rererence in expressing gr~titude for Div-ision 2's valuable vay-

S material. time achievement&.
Some of tMe NDRC-erpnwrred researchea which had

&I c decisasified by the end of 1945 were of suircient VANNEvaR lBuair, Directo?
~. popular interest that it was found desirable to report Office of Scieniflc Rsecez,-c? and Davalopmerai

* L thern in the form of monographs, such as the series
on radar by Division 14 and the monograph on &am- J. B. CowjinV, Chairman
pling jinpection. by the Applied Mathematics Panel. NszlionAl Dcfen~s Researchs Oornmifftu

V4



"' >=' FOREWORD

r PXmfvOAL ouaxo'inv of Division 2 was to placo were concerned chiefly with the problem of neutralis.
.to" uso of weapo•s &adf defensive mwaterisa an a ing 1=4 mines; those with Divial 18 vaer no"e..-

quaztin,*ive, engineering beasi. Scientific sudits wer to the properties of me"talst gh rates f drain. On*
therefore carried out on termiunl ballistics, on explo- contract, with the California Institute of TechnologM,_
sions iu air, earth, and water, and on certain properties was transferted from Division 2 to Division 18.

of materials, with the object ot providing the basiw The technical raterial which is described in this
data necessary for the rational employment of bombs, volume is the work of many people, not A!l of whom
projectiles, explosives, etc. At all times, the principle w.ere connected with Division a of National Ddensn,
was kept uppermost that practical results would inevi- Research Committee. The work of muny British lsbo-
tably follow from a deeper scientific understanir.q of ratories needs* to be especially mentioned, since the
the physics and ,hejistry of the phenomena involved British were particularly effetLvo in the h.Ids covered
in the artion of weapons. by Division 2. Also, our own Servicelaboratories contrib.

It is hoped that the preeent volume will be usef',l uted much to this type of work. Among the Division 2
to those groups who are carrying on work dealing with contracts, the largest were the Pinceton University
the design or employment of weapons. It should also Station, directed by Walter Bleakney, and the Under-
be useful in the event of a future war in giving new- water Explosives Re-earch Laboratory at Woods Hole,
comers to the field a concise survey of the ittate of under Paul C. Cross. The Duke 'Universlty contract,
knowledge at the end of World War II. • umder Paul M. Gross, deserves special mention also,

The field of activity of Division 2 touched upon because of the successful developuient of the frangible
those of several other divisions, particularly Division projectile for gunnery training.
1, Ballistio Research, Division 8, Explosives, Division The preparation of this volume has been a coop-ra.
11, Chemical Engineering, Division 17, Physics, Divi. tive effort by a group of men, all of whom were directly
sion 18, War Metallurgy, and the Applied Mathematics engaaed during the war on the projects about which
Panel. The work on the terminal ballistic of hyper- they have written. To these authors, R. A. Beth, P. W.
velocity projectilus carried out at Princetonweas natur- BridgmeLn, P. C. Cross, C. W. Curtis, P. M. G.,-C4
flly of importance to Division 1, which was developing NV. D. Kennedy, C. W. IAnpeon, A. E. Puckett, E. XL
means for prodli-ng these high velocities. The coordi- Pugh, W. G. Schneider, J. J. Slade, Jr., R. J. Slutz,
nation with Division 9 was at all times very close; in 3. G. Stipe, Jr., and M. P. White, goes the credit for
fact, three of the contracts of Division 2, namely those the high level of technical writing in the chapters
with Cornell University (under J. 0. Kirkwood), the which follow. The successful coordination of this
Stanolind Oi' *- 1 da8 Compeny (under Daniel Silver- joiait operation is due to Merit P. White who has very
man), and the Woods Hole Oceanographic Instihttion, ably edited the' volume and organited the separate
were originolly assigned to Diviclon 8. Divisions 2 and chapters into a coherent whole.
11 o..d the Applied Mathemt..- Panel cooperated on

Naxious bombing problems, aspeclft.lly thosa dealing ".Wa-
with the relative effectivenesn of high-"plosive and E. BUIG" Wris, JL
incendiary t,,izba. The contacts with Division 17 Chief, Division 2

iý Vvi IviiLA - -
C. _ ____ ___ ___ ___ __ ________ ___ ____ ___ ____ _ .
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PREFACE

rMi VOLUMN Is not designed to be a detailed rticord would be ued. Becauve of the importance of thesn
.of all work of Division 2. The tinme available for its functiks--gatting, organizing, and dispensing infr...

preparatihn, uo less than the type of reder for whom. mation on weapons--ot only in tk 1ilaeno. of Divi-

it is written, has prevented ths. This report is do- sion 2, but also to any other organization that under-

signed for the use of individuals concerned with plan- takes the same problem, they are aisonued in Park

ning or directing investigations similar to those de- VII of this volume, "LiaUson."
scribed here, for whom a knowledge of the methods of The remarch carried out by Division 2 Is treated

attack, the difficulties that may be encountered, and under five categories, Parts II to VI of this volume.

the results that have been accomplished will be useful. Part 11 is concerned with expoqi^,n- iu air, water, and

Furthermore, an exteni•v, although not necessarily underground. Muzzle blast control is included with

L exhaustive, bibliography is included. For those desir. these. Part III covers terminal ballistics of ,tteel armor,

- aog only an overall view of the work -4 this Division, c9ncrete, plastic protection, and earth, and the develop.

and as an introduction for those planning to read the ment of a frangible bullet for training of aerial gun.

entire volume, a "Sumw aky" has been prepared, com- nera. Part IV is concerned with rather fundamental

prising P~rt I, immediately following the Table of investigations on the properties of matter, in Par.

Contents. ticular, the propagation of plasticity in solids, the

The content of thdb volume comes partly from the behavior of steel under very large prftsures, and the

fact that Division 2, throughout World War II, lgas design of a supersonic wind tunnel. However, all ,,e.

been mostly concerned with information, and not with search on ouperaonic problems done in the Division Is

the development or improvement of devices. Thi3 in. dicussed in Chapter 2 on explosions in air. Studies of
formation has dealt with the performance ot weapons protective measures are treated in the next part, Part
Sand with defense s•ainst weapons. Some of it has beau V, except for those items that hae been cove,-ed else-

obtainetl by the Division through experimentation, where in the volume Part VI is concerne I with applies-

some from teats by other organizations in NDRC, the tion of information on weapon bebavior and effiective-
* Services, and among o .r A•les, and much inforniatiou neas to the problems of selecting weapons for specifi-

*scarme from the field. Very early in the existence of targets, and with estimating the ruulting damage.

"Division 2 it was recoguised that the valae of any Before concluding this alrady overlong preface,

* information obtained was a direct function of the use I with to exprceas my appreciation of the conscientious

that was made of 1t, and that the potential users of and painstaking efforts of my colsborator."

this information were to a large extent organizAmtons
in the field. As a rult, considerable thought was .. r

given to ways of getting information ou weapon per- K P. WM.X

formance to such users in forms whera it could and Editer

"C F N L
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"I.,..SUMMARY

C~hapter I underwater explosion phenomena contains a deserip,
tion of a variety of underwater rressure gausm andi

UNDERWATER the eir i~n including both the electica and i-
EXPLOMONS AND EXPLOSIVES meohanical types. Photograpbic procedres an doe.

scribed which were very fruitful in the study ofT~dCHAPE'Rz treats the physics and chemitry Of underwater txplosions. Experimental procedures uv..;-7 L"u.5derwater explosions In Section 1.2 there is a given for studying the generation of surface waves

survey of the results of inv~t•igttions made on under. and for the location of underwater explosions (such aa
water explosions including the properties of the shock are useful in testing fuzes).
wave, the bubble oscillations, the surface phemena Te &Il cteio contains a description of the re-•
and comparison of explosives, search facilities at the Underwater Explosives Re-e

The discussion of shock waves includes a : zatment search Laber~tory [UERL] of Divison 2, NDRC,of the way in which they are produced, their shpe, which was located at Woods Hole, a~ssachusrtts.
variation with weight and distance from charg, da. Chapter I contains numerous references, the titles
pendence on type of explosive, reflection from free, of which are contained in the bibliography. •

rigid, and deformable surfaces, and some numericalsb r
magnitudcs which have been obtained.

The treatment of the oscillation of the gas bubble Chapter
covers the reasons for this oscillation, the dependence ,-
of the period of the oscillation on several variables, EXPLOSIVES AND ,XPLOSIOINS IN AIR
the migration of the gas bubble unaer gravity and
uu~er the iufluenc* of free and rigid surfaces, the This chapter deals with the behavior of sho'zk wave.
pressure pulses radiated during the minima in this in air ýin particular, the air blast from high explosive.
secillation and their properties. is described, and the way@ in which the air blast per-

Surface phenomena are described 9rom the view- forms militarily useful functions are examined.-
point of the theory og the domes and plumes above During World War II, the techniques of measuring
• aderwater explosions and the usdulness of these the highly transient phenomena associated with ex-
pl.c.criena for vitrious types of measarements. Under. ploeions, theories concerned with them, and appliea.
v-ate' cratering is discussed briefly, as is the produc- tions of the information obtained were developed
lic:/ ,. surface waves by underwater explosions. The from very meager beginnings. The important role of .•
results of the very ex.tensive comparisons of different blast in the f anetioniug of bombs was truly appre.

explosives for underwater effectivenese are summa, ciated only as the war progressed, and the develop..)
rized together with some remarks on the methods of ment and use of very large blockbuster bombs was
statistical analyses used in connection with such com. one consequence of this realizatior."
parisons. The theories which were developed to cal. Experimental methods for measurin end investi.
culate shock-wave properties, surface phenomena, gating the properties of blast waves in air are de.
surface waves, etc., are briefly reviewed. scribed in this report. Electrical gaugpa, mechanical

There is a section on dimage produced by under. gauges, methods depending upon measurement of
water explosions including some general considers- shock-wave velocty, and photographic methods ane
tions, the effect of target inertia, the effect of cavita- discussed, and tha advantages and disadvantages of
tion, diffraction effects, and the relatiou of shock.wave each method are rdointed out.
parameters to damage. Some theoretical and experl. The criteria for as-ensing the relative merits of
mental investigitions of several simple systeras such weapons whose 2uncioning dependu upon air blast
as a steel diaphragm over an air cavity, the ball are based in part upon some observations of the blast
crusher gauge, and the simple crusher cylinder are damage accompliched by German bombs dropped on
d.iscusscd. The use of scaled models and the difl•l- Groat Britain, and British bombs on Germany, and
ties involved in their use are described& in part upon semnitheoretical studies of the responseThe section on experimental methods for studying of structural elements to blast. For bombs that are

"CONFIDENTIAL .
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4 SUMMARY

not too large, the near-min effectiveness Is appro-i. ground-brest, fuzes. The experl=cta show, moreover,
mately measured by the positive implie in the bleat that the optimum height is not critical, and that
For vere large bombs, and certailily Zor the atomic both demoliton and less sevee damage can be nearly
bomb, tho peak pressure in the blst. is considered the maximized by a single optimum height of bunt for
important factor, a given size of bomb. Estiniates are made for the air

In an effrt to improve the blast performan of burst of an atomic bomb? tor which the peak pressum
5igh-expiaive bomb@, several 1'.gh explosives were is the criterion of damage, and it is estimated that, it
studied to determine thcir merits for this purpose the bomb were burst at the optimum height, the dam-
FResults ae usually expressed us the relative peak pres. age would be about 90 per cent greater than if it
sures and relative positive impulses from equal vol- were burst on the ground.
umes of the explosives being compared. Compilations The relative effectiveness of explosives in enclosed
of such data from several sources were made, and the spaces is quite different from that of explosives deton-
results are expressed %u average rclative peak pres. ated in the open. It is shown that this difference is
aures and relative positive impulses. These data den. due to the relatively slow combustion of the products
onstrate a marked superiority of aluminized explo- of the explosion, and that the order of merit of ex.
sives over nonaluminizod explosives. Ertimates of the plosives in enclosci spaces is the same as the order of
relative areua of blast damage to be ex,,ct--d of several their heats of combuetion. The significance of these
of these explosives i'ere made, and are shown graph. results is that small GP bombs whose near.miss effec-
ically in Figure 4. It is shown, for example, that a tiventas is almost nil should be filled with one of the
bomb filled with tritonal is estimated to produce about explocives found to be best in anclksed spaces. The
33 per cent more blast damago than would a similar poorest explosive tested under these conditions is -
bomb filled with TNT. Composition B, and the best, tritonal.

.. The metal case of a bomb reduces the blast from Tho 'history and present status of the development
its explosive contents. It is shown that the relatively of slow.burning explosi-cs [SBX] is dcccribed. Ex.
thick ease of a general.purpose [GP] bomb reduces perimental results show that certain SBX materials.
the damaging power per ton of bombs by* about 60 such as ore consisting of aluminum powder rind gas.
per cent, compared with that obtainable from a light- cline, dispersed and ignited by a high.explosive burst.
case (LC] bomb. It is pointed out that ths thinnest ing charge, have promise of improved performance
case consistent with safe handling and storage should over high explosives as fillings of small (500- to 1,000.
be used for bombs intended to he detouated instants- Ib) bombs, whose main blast e!ect is ob"2ined through
ncously on impact or burst in air by muans of a prox. direct hit and penetration of the target.
imity fuze. The application of explosives to the clearance of

The principle of similitude which permits the cal. laud mines by blast is dcecribid. Demolition devices
culation of blast pressures, ir-puu!F, ctc., from bombs in the form of 'line" charges were developed by the
of various sizes, from measnrcments with one Pize or Engineer Board for this purpose. The mneaurement.
weight, is stute~d, and its IL•Ltetiona disussed. The of blast preseures and impulses from some of thos
dependence of peak preasure and positive impulse on devices is described, and the results are shown graph.
distance from the explosion are exprsez, graphicrlly ically. A theory of the responses of the fus", of land
for bombs burst high above the ground, as weil as for mines to the .blest from explosive charges has boon
those on the ground. The advancement of theoretical devised; by nicans of this theory, together with blest
work is described, ane. the extent to whi'6 it has been measurements, the distancea at which mines should
tested and checked by experimenLal results is outlined, be cleared by various demolition charges have been

By experimental and theoreticel investig.tioa of the calculated. Comparison of there predlictions with ex.
"" prolprties of the blast from bombs burat at various perimental observations of minefleld clearance show
"* I heights above the ground as well as on impact, it is good agrecment for "point" charges, such as bombs,

shown that there exists soma optimum height of burrt and poor agreement for line charges. More blast
such that the area of lamage of a desired cat<gory measuremernts and theoretical work are required in --
can be maximized, and that, on the avert,-e, the area order to clear up thsae discrepancies.
of demolition as vell as of less severe da.ngo can be Plast measuremeuta which were made at various
approximately doubled by use of air.burst, rather than altitudes up to about 14,000 ft above sea level show
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that the order of merit among the explosives tested explosive and its point of detonation with respect to
is unchanged, bat that the magnitudes of the pressures the target•
ud impulses measured are less at high altitudes than These data have been analyzed and the reiults ex.
at bea level. Good agreement with theoretical predic. pressed by means of 6emlempirical equations and
tios i obtained, graphs. 7- t these it is posAible to predict, with an

The application of blast measurements to mode uncertaity a the order of 20 yer ent, the pre...
,suls experiments with igloo-type storage magazineA Impulses, accoleration4 velocities, disybementib and..
is described. The purpose of these tests was to assist crater 6ie that will result from detonation of a given"
in determnin the minimum apaceing betwemx maga- amount of explosive at a certain depth. In additionthe "

zinea, onittent rwith insuring that a disastrout chain damage to structures comparable to those tested can
of sympathetic detonations would not occur. Other be predicted with about the same order of accuracy.
measurements on the blast from rocket jets and from
charges of varioushapes are also briefly described. Chapter 4

Chapter 3 MUZZLE BLAST: ITS CHARACTERISTICS(EFFECTS, AI?'D CONTROL
EXPLOSIONS IN EARTH

Muazle blast may be considered either as a rela.
Before the beginning of World War I, the ques- tively mild explosion following shot ejection or

tion of the effects of underground explosions on as an extremely high.pressure jet of short duration
nearby structures was not particularly important, be. preceded by a traveling shock. The strength of this
cause the quantities of explosive involvew were com- shock may be high, and depends on the muzzle pree.
paratively small. The use of large and powerful bombs sure of the powder gas at the time of shot ejection.
and the development of long-range b~ombora to deliver Within this spherical shock the gun cmpties in a jet .
them anywhere in the enemy's territory gave this characterized by a large bottle-shaped central region
problem immediate importance at the beginning of bounded by stationary shocks in which the gas attains
World War U1. Ths existence of the atomic b. mb and very high speeds, and by an extern'l turbulent shell
of various guided msiulles for convoying it as well as in which the powder gasee mix wit t the outside air,
conventional explosives to diotant targets makes burial In this mixing region an explosive jurning of certain
In the Garth oi.e of the most effective defenses for a components of the powder gas may occur, giving rise
future was, VhIm means, in turn, that the effects of to the characteristic flwsh of medium and large caliber
explosions In carth will be of even greater importance GunM. The main emptying action occurs within a time
to both dteans. end attack than in the past, comparable to the travel time of the projectile, al.

Becauze of, the lack of reliable information on the though the low.pressure stagna of the flow continue
nature and mognitudes of the phenomena that accom. much longer. The main blast is followed by a wave
pany an uude, ground explosion, a very extensive series of rarefaction which produces some low of air to.
of tests was .tarried out cooperatively by the Corps of. ward the muzzle. I.
Engineers, the Committee on Pasolve Protection With iacrcauing powder pressures the severity of
against Bombing, and Divigiou 2, NDRC. These teats muzzle.blast effects becomes a limiting factor in the
were made both in free earth and adjacent to buried tactical use of guns of high muzzle velocity. The blast
rcinfoi I uncrete structures comparable to fortifies- presures often cause severe damage to structures near
tion CouAt-uction, in a wide range of soil types from the muzzle and injuries and aiicomfort to personnel
locLa to etturated clay, and at scales up to 1,C00-lb Among the problema preuented by muzzle blast is the
charges detc.,ted adjacent to structures with 5. and raising of dust by guns firing at low elevations. In
10.ft walls. In f-.eo earth, transient measuremeista of diect firo obacuration of the target is a serious handi.
prez;ares, rcckleratione,%elccities,ondeartnmovcuewnts cap, ,inca a gun is uveless while it is eneloped in a
were tL,:en. Crct~r sizes cud permanent diap!accmo..ta cloud of diist. Unless powder prcazurei are to be lir.
were determined arter each test. With structures pres- ited or high.preasure guns are to be replaced by weap.
ant, the same qunniitica were measured both ou the ons less damaging to the vicinity of the emplacement, 1
structures and at distances from th.•iF. Str.uctural ;'*. is neceasary to develop devices that will lcwen the
damage was recorded and correlated with amount of effects of blast.
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The Modst uccessful Of the muS12e aftahments a# . chapters
fir developed in 1.e muw=e braks. Brakes Uav bee
develope which ibsorb o'r " per cent of the recoil FMNAM!ENTA1 OF T.M1NAM.L &ALISTCS
energy of guns i&nd thrre are indications that very alut~,a isigihdfrmit'c
high-pressure gums can be rendered practically a .aetrotalsicelswhth Iteato
tCoss Uy masns of such attachments. The reduction of the misl or ih rjcieec)aa h
4A recoil energy permits %be INe f liH& mounia with

target. Whij attention is usually foalufti on the effecthigh-pressure gun& Hoverer, all brakes, direct the ftemsieotetagtrelinInp 4 j
* blast int. 7aity thwaM the rear of the gun, the ba&k

rssrspcoduoed rising with the efficiency Of the or perforation, the effect of the target on. the missile
unit; for this reasorn only brakes of moderate effi c auigdfomto 1 rutrshtefsefiuetc., is often of greet importance in detaur4nia

* the result of the miaaile-target Interaction.
SID~ID eiplcemete he eevaion nd 6, 7, 8, an 9 of this volume describ, theK I ravrseof gu ar liited itis eneall posib ermina ballistics of steel, concrete, plastic proteo.

form th blst n suh awayw~c defect orde.tion, and soil from the point of view of the work done
I.tial amount of protection to neighboring stroctthese subjectil byfDimision an dute r epcal

Also, such devices are usually brakers, but they ca be rjciedfmaon ndsterre spill
designed so that the braking action is negligible. Itsiifcnintetdyoseladpitcrtetn
is possible to deflect the blast unsymmetrically with. tres h ceomn fafagbepoetl o
out effecting the flight or yaw of the projectile, butaeilgnrytiindsrbdnChpr10d-

provsio mut b mae tots~~ u th ~ h~t pends on the complete shattering of the projectile at
on the gun produced by such deflection. A ditinctio smd ewe afrt. n oeTh lgtupward deflection of the blast permitted Adsicini aebteni~frto n e.The sighttration according to whether the missile does or does
by the strength of existing elevating mepchanismsa hus

* ~~~been found moderately successful in solving the prob.nopasopctythugtetrgtTisdtn.
Ism of target obscuration produced by dust. With els. to piii atclrl ntecs fnneomn

vatig mchansmsconsruced t tae th unym.missiles. The depth of penetration or the residualvatig mehanims onstucte totakethe y velocity after perforation depends not only on the Ms-luetrical thrust, it is conceivable that the duaL problem toiiadtikes ftetrean ntemse)

can e' ~tifactril soved.be on.iber, and shape of the projectile, but also on the im-
*Brakes bf -low and medium efficiencies canbe(A pact coditios strkigvlctyr adoiqt.

atructed wnx4ch ippress flash or, at last, do not ac- o os iigvlciy aadolqiy
centuati it. It may be PC'isible to go to high efficien-
Cles withoit enhancing' flash. ehaptar 6

*IThese psArtlasolu'tions of the blast prob lem will be
less suiccessful as pressures increase. The conduction TERMINAL BALLISTICS OF ARMOR
,of the gases to the rear of the gun would -permit effec. T area ai o h eeomn fbte
tive inufing of the blast, provided & sufficiently largearo-irngroetlsstdshvebncrie

gpees. A doftector capable of doing this is still in the foration of a steel plate depends on mass, size, shape,
preliminary stagea of development, but experimeuts and, mechanical streugth of the projectile componen-I
so far indicate the feasibility of deflecting a ibatan. as well as the hardness, thickness, and obliqmity of
tial fraction of the blast and conducting it to where the target. Chsnges in these parameters were con.
it can be cjccted at relatively low pressure toward siaered both as they alter the energy required for
the rear of the gun or up ovesr the carriage. Stich C perforation directly when the projectile stays intact
disposal system would permit the utilization of the during the, impact and indirectly as they control the
maximum braking action, "n the saving In weight extent of projectile doformation.-Pcformitions play
of recoil moechanism and mount that thie would make a partiecalarly important role whsi.-4tho striking Telo.

possible would compensate for the weight of the added ity is above 3,000 fra, that is, at hyperyflocities. Al.

superstructure. though the practicaility of projfttilo velocities in this7
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rang has been well demonstrated, the difliculties in tion, the discpancy is not great sincs thi eho Is
designing a nondeforming projectile stll remain cn smalL
of the principal obetwles to full attainment of the . Except for thin plate and largeai e of attac.
potential benefits of hypervelocity weapore. a perfectly nondeforming projoctili '"equires Ion en.

Aside from a description of new techniqu..s thaL brgy for perforation than on that ddormL,
have been developed for terminal ballistie studi o-
(Section U U) tho pri•cipal pointsdiscussea in Chip- ROJECTIL D.o,1 Sia . -
ter 6 which Incudes reference not only to work done ,.a "-..m,.3
by Division 2, NIDRC, but to investigations of ether L A projectile deforma progtressively with incrum
organizations as well, are the following in striking velocity. At the shatter velocity, which is

somewhat alcve the vekleity where the initial failure&OUm mRniu O lPROJECxLN-E-rxw4t PAqum= takes place, projectile defortation unually leads to an

roa PnMuotnoN (Siunowr 6.5) abrupt increase in the energy required for perforation.
The dependence of the shatter velocity on ths proper-1.For nondeforming projectl of a given shape "

r r-ties of the projectile, the plate, and on the angle offor a particular typo of armo and for a specified attack are discussed.awdle of incidence, the "specific limit energy,' WýVVd2' 2. The effect of shatter in increasing the energy
depends to a good first approximation only on the required for peroration is greatest at normal ci.

S plate thic~kness expressed in aibers. Thul8 dance (increase by as much as 100 per cent) but drops
off with the augle of attack until at very large angles

do d "a shattered projectile may perforate with less energy
than one that remains intact. The increase is siguli&where W - projectilo weight (lb), cant, however, for angles at least as great as 45 degrees.

FV - minimum velocity to perforate plate 3. It is pointed out that, because of the occurrence .
(fps), of shatter, projectiles are sometimes able to perforate

d - diaraPter or caliber of projectile (ft), a target when fired over long distances but fail at
t-plate ticknesa (ft), point.blank range. As a result, the effect of firing a
#--angle of incidence, projectile at a velocity above its shatter velocity is
0 - constant for plates of a particular usually to increase its . . .- 'Jng vp'vn.q at

hardness, the sacrifice of good performance near the muzzle; :
a- general function of wand L there is no overall gain. I

id ý0)
The advantage of this form is that it reduces the PRojECTIL P uirrns (Szc'nON 6.6.8)
performance of projectiles of all sizes to a %ommon 1. Correct design of an armor-piercing projecile"

depends on a choice of the beat values for its. nose
2. The form of f(t/d,O) depends on the mechanism shape, length, density, strength of material, and, in

the case of a subprojoctile, its size. Section .6.,3 con- -of plate filure. Different mecha isms are disc siders how changes in each of these parameters affect
but it is pointed out that there is no physical theory (a) the striking energy, (b) the energy required lot
capable of predicting the exact form for plates of all perforation when the projectile stays intact, and, (a)
thickneseas. A review is given of the empirical expres, the conditions under which deformation takes p lae.
slons for 1(t/dO) now in common use. 2. Because of the greater density of tungston car-

8. In addition to plate thickness, the specific limit bide, projectiles made from this material have both L
energy depends on plate har•.•ew, there being an a greater striking energy and a higher shatter qunrgy
optimum value which reault•• in maximum resistance than similar steel' projectiles. If perfoating ability
to perforation. A perforation.f1riaula is given which is the criterion of gooances, tungsten va.bideIis n. ,.. ..
Lacludes ha•z'neas. doubtedly a bctter projectile material than steel.. .

4. There is a slight "scale effects' in the swnse that 3. Regardless of the adjustment of parametors,.%
the specific limit energy for ]plates of a giver. caliber monubloc projectile made from present-day mrterials
thickness ecr.,res wi. increas in the ile oi the will not remain undeformed under all conditions of
projectile. Although this contradicts the above equa. impact likely to be encointered in combat. Thi*,is
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true for the attack of homogeneous s veil as fam Chapter 7
* hardened pu

-anh~l TWINRMMAL BIAILISTICS OF CONCReT3 " .
PaVuM0Xor OF SrTTnU D Uau O1 CANs
(Sucrxoi 6.') A large amount of experimental work was d0--

Although. the addition of a cap is very effective in on the terminal ballistics of concrete during the P
preventing deformation of both steel and tungts war at scales from caliber .30 to 16 in. and with rein-
carbide projectile4 it is a detriment to perforating forced concrete tbrgts from S in. to 23 ft thick. Pene-
ability when it is not needed to avoid dshtter or when tation was studwd as a finction of slt-iking velocity
shatter does not increase the energy required for per. and obliquity, and the limit velocities for scabbing and
foration. Whether or not the cap is of benefit depends perforation for various thicknesses and calibers de-
on the striking condition.. A general discussion of the termined. For a given projectile and target, penetra- , I
comparative performance of monobloc and capped tiou increases less rapidly with striking velocity Sha.
projectilea is containcd in Section 6.7. Some protec. does the striking kinetic energy.
tion for the nose of the projectile is always necessary A scale effect was found for penetration In the sense
if the striking velocity is extremely high. teat the penetration into a given target, in calibers,

of similar projectiles at the same striking velocity
RTPIKnVE.LOCXTYE PaoaxvTxl (SECTzoN 6.4, 6.5, 6.8) increases with approximately the one-fifth power of

1. Some of the advantages and disadvantages of the caliber.
dififrent types of hypervelocity tungsten carbide Extensive tests were made, at caliber .uO scale and
cored projectiles are mentioned in Section 6.8& All smallar, of the effect of concrete properties on pent"
have about the same terminal ballistic performance tration resistance. Some tests wero also made of the
but differ in other r4spects, effect of nose shape and the effect of projectile maas

2. On considering the interior and exterior brlllatio on penetration, perforation, and scabbing. Eplrlen l -
behavior of aubealiber projectiles, it is seen that the fonnulas havo been devised for representing these
striking energy decreases with decrease in diameter; results..
les energy is required to make a hole of small diem. In addition, experimentas data were obtained on a
eter. However, since the striking and limit energies number of other phenomena, including ,icochet, stick.
do not decrease at the same rate, there is usually an ing penetration, front and back ersters, the effect of
optimum diameter for the subprojectile, reinforcing, scab plates an,' neshes, layers and lamai-

3. Examples are given showing that tungsten car. nations, composite and saaced slabs, edge effects, the
bide cored projectiles can perforate significantly effect of explosions, and the effect of repeated fire.
thicker armor than conventional full-caliber' steel A theory of concrete penetration was devised which
projectile. fired from the same gun. agrees satisfactorily with the empihical penetration

FUTUIR STIuDIE (SECTION 6.9) formula mentioned above and which gives the force
1. As the power of guas is increased, better meant resisting the misile during penetration as a functiuu

must be found for keeping the projectile Intact. Par. of depth and remaining velocity. Estimates of this
ticalarly for oblique attack, the problem of finding resisting force are of importanes In connection with
the forces involvedin the plate.projectile interaction the problera of projectile and bomb deformation
has hardly been touched. Once these forces are known, against concrete targets. The theory, furthermore,
it should be possible to deduce the dynamic stresie fNrnishes a basis for computii-g the time of penetra-
produced in the projectile during Impact and to design tikn for fuxing problems, and for computing the re-
rationally against the resulting deformAtion. malning veluc2y at any depth which Is needed In the

2. More satisfactory methods should be devised for anal.1sis of ebrnpocite targets.
preventing decapping and breakiing of projectiles by Prfliminiry. development work has been done on
thin skirting plates. an electromagnetic method for measuring projectile

8. Special attention should be given to high.angle velocity as a function of time during penetration In
attack. At the end of World War II, it was imposuible a nonmagnetic and nonconducting target material like
with the best antitank guns and projectiles available concrete.
to deaeat the sloping plates on the front of German A summary is given of analytical theories of *ioa.
tan;4 except at very close range. tration and perforation. This summary includes, as
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aprtal cases, all the theories which have so far been It is found that penLtfation iuVCr es with increeroposed tat d,,aibing penetr~iu an4 edoratic,,- i velcity a,,d for prejwies and bomb. of noral

shape is approximately proportional to the cc% root
Chapter a of the weight of the mismile. Penetration depth is aso"

TERMINAL BALLISTICS OF PLASTIC dependent on the nose shape of the projectile, blunt.
PROTECTION n6sed projectiles penetratirng farther than sharp-msed.

projectileL This dependence on shape it very pro. ..
Plastic protct o sts at a mit-e at dm nounced in rich clay but makl in coa• vs Ex&apd "o.

and i mastic binder backed by a thin plate of mild for striking velocity and nature of the target medium.
steek~~ ~~ strqiesol malli amount of strategictelIt oly valuable asprotection taegains stability of the projectile Is perhps the moat impe"

smaterial and has Prove l tant single factor in soil penetration. Blunt-nosed pro.
small-arms fire and fragments. jectiles arn usually stable and have long straight

The protecLive merits of plastic protection cannot underground trajectories. Sharp-nosed projectiles uan.
be measured in terms of a *simple ballistic limit, U ally turn sdevqs and have curved underground
Is done with armor, mild stee, aid concrete. At luw trajecteriL
striking velocities a small fraction of the incident t summary of the known relations for penetration
micsilas perforate the material, and at hihh striking into soil, perforation of soil parapets by small-caliber
velocities a larger fraction of the striking missiles bullets, and perforation of composite iargets of con- L00
perforate. At all ordinary velocities there is a definite crete covered with earth is given in Weapon Data
probability of perforation, and this prohability in- Sheets 2A*, 2A2a, and 2Cls, Chapter 19.
creases slowly with increase in striking velocity. This
behavior can best be interpreted by statistiUcl means, Chapter 10
and euch interpretation requires a largo number of
teats for the results to be significant. THE FRANGIBLE BULLET FOR USE IN

The best present specifications of plastic protection AERIAL GUNNE RY TRAINING L
require quartzite or flint gravel of fairly uniform size, The need for a realistic training procedure for fl-'"
at least three 0ta.-A the ,•iameter of the missile to be ible aerial gunnery was recognized in the late
stoppelL T'.I" j ."vel is mixed with asphalt and a lime- months of 1943. The development of a frangible bul.
stone fi',r, *,ai. the mixture is poured from a hot mix. let which c be fired from mnichize guns in a bomber
Sin' .ve.'. •o forms. The best proportions for the mix at an attacking lightly armored target airplane ful.
sre appr;" .mately 60 per cent gravel, 10 per cent as- filled the requirements to a marked degree. This proj.• ~ s� �•0 per cent limestone dust, by weight. A Oct was concerned with the development of the fran.

plate of mild steel, having a weight per squaro gible bullet (T44) and auociated equipmont, and with
foot of 10 to 30 per cent of the weight of the com- some problems that arose in connection with the use
pleted panel, is securely faotened to the material A of the procedure in a gunnery training program.
layer of expanded metal is placed inside and near the Experimental work with approtimately one hun.
front to aid in holding the material in place and to dred types of bullet. varying in composition, geome. L
provide addit.onal structure! strength. A panel of this try, and density Indicated that a thcrmoaetting plastic
type, of thickneas nine to ten times the diameter of with dense filler offered the best possibilities for a bull.
the incident missile, provides a fair degree of protec, let that would (1) do minimum dAnage to the armor,
tSoe (2) satisfactorily withstand foeld use and the loading

Chapter 9 proccu, (3) have reasonable flight characteristics, and

TEMNAL BALLISTICS OF SOIL (4) be amenable to relatively simple and economical
production in the required qusiitity. For a particular

Small-scale expariments have been performed to thickness of armor, it appears that, to a fair approxi.
determine the effects of soil properties and pro. matin, the limit impact energy of such bulleoL is ow"
jectile characteristics, especially nose shape and den- sentisily constant regardless of mars or density.
city, on penetratiou into coil over a wide range of strik. The most suitablve aumqr for the target airplane was
ing velocities. The results of these small-acale tests found to be 24ST Dural in places where visibility w"
have been correlated with the observed penetration not in question, and multiplate bullet-resistant glass
of bombs and large projectiles into soil. for locations where visibility was necessary. Up to
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thicknesses uf approximately 0.350 In.. 24ST Dural is vestigations by this sanke group have shown that a
superior to armor steel, weight for weight, in defeat- caliber .50 frangible slug made from material of the:
ig the frangible bullet same density as the T44 in inferior to the c ab ""0

A caliber .30 aircraft machine gun modified by ad. T44 in so far a velocitz limit for perforation is cow.
dition of a piston booster was found to function quite "rned . .. .

satisfactorily as an automatic weapon fiLing the Iran.
gible bullet of weight 6.95 g at muels velocity at
1,360 fps. The most satisfactory propellant found for DESIGN OF MODEL SUPERSONIC
t*e round with low loa&ing density is DuPont R4,5h WItND TUNNEL
which is regarded as a compromise until a more suit- In order to obtain information needod for the design
able propellant can be obtained o, the cartridge case of % large aupereonic wind tunnel to be built at the
changed to something other than the caliber .30 A- brodnAberdeen Proving Ground, a model wind tunnel bay- -.

A hit-indicator system was found to be quite 4ffee- at tg a 2.5-in, square working section wa This ..n- a
tire in signaling to the gunner in the bomber when t at the California lasttate of Technology. This tunnel
target airplane iW receiving hits. The signaling is ef- was designed to operate a, Mach number, from 1, to
fected by lights on the target airplane, which are aeti. 4.4o The specific problems that were sAved an the
ated t impacts t bullets on the targetair llowing:by the of the i . The preaure ratios and power requirements at

plane armor.
The most essential feature of the introduction of various Mach numbers.

the franbible ballet into a training program is the re- 2. The design of nozzles to give supersonic flow in

quirement that, to a fair approximation. the gunner the working sectmtion. ..
give to the best of his knowledge the same leads s 3. The manner of supporting te model to avoid in.-
would give in combat for an equivalent situation. It tederence with the air flow around it
was found that the solution to the problem lay in an 4 Methods of observing the flow and of meaurnel.
"appropriate scaling of airplane and bullet velocities the forces acting on the model
"with some changes in the gunner's sighting device.
Calculations of the cembai. leads, using the velocities Chapter 12
of combat sirplnuea and combat ammunition, and of BEHAVIOR OF M.ATERL4IL UNDE-
the trainig leads, using training airplane and bullet DYNBHIC O M T IS UN

velocities, showed that for the most important caesm
the lead angles are essentially constant for equivalent Under very rapidly applied forces, such as occur
situations during impact or explosion, a structure may be.

rield trials of the frangihle.bullet technique have have quite differently than under static or gradually
shown that it is a satisfactory procedure although def- applied forces. An investigation of these changes and
initely not free from significant limitations. It was of the factors governing them was one vi the first prob.
found that an instructor's sight would be a material lems attacked by Divition 2 in the nourse of its study
aid in the training program and such a device wa of structura) defense. The effect of dynamic loading
developed. , is particularly important in connection with the nene-

Investigation of some of the psychological factors tration and perforation of projectiles, in the response
In sighting indicated that learning was comparatively of elements of structures to blast or impact, and in the
rapid on a semisynthetic training device. There re- damage to ship's 1 latinZ by blast or .ndervater shock.
mains a real question as to whether such learning can In addition, there are numerous other situations where
be translated into a higher profleicuey under condi, strength under impulsive loading is important, fW
tions of air-to-air firing. example, in the zalibration of crusher cylinders for

Some experimental work by the Ballistics Research measuring chamber presures in guns.
Laboratory [BIIL] of Princeton Univ'r-rity Station Two factors must be conaidared in any investigation
of Division 2 on shapes of bullets other than that used of the effect of impulsive forces. First, there in a
in the present T44 round has indicated that a bullet change in the physical characteristics of most ma.--
with a socaut ogive and boattail has less drag below rials. As the rate of deformation is increased the re. " .
1,2D00 fps thao does the T44 bullet. Preliminary In. sistance t3 deformation also increases. Thus for soft
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SUMMA3T it

copper specimens the force required to prodbu a given directed at acquiring an undentandi% of the m ,cha.
deformnation dyrnpmicsfly at a certain rate of strainin; nia.'i of armor penetration by projectiles. Duriy.-suc
was found to be of the order of 20 per ent greater penetraton the material aijacent to the projictils is
than that required ,tatically. Similar effects exist in subjected to fstrcsee of the order of 500.000 pAi and
stels. Furthermore, normally duteil materials an to exceedingly large deformations- Comparable strom.
able to withstand stresses well above their elastic limits and deformations cannot he reproduced in snuh mato.
without permanent defonnatiim "f the forms a ap. risk by the normal methods of testing sinc rupture
plied for abort enough periods, The investigation of always interven Consequently, ufch tests Pan ftu
the change in material pmperfies under dynaic loads 08lh only estimates of the amount of strain-hrdenin g
was pursued experimentally with some analytical am. and of the conditions that produce rupture during
listanca. projectile penetration. However, under large hlydro. ,

The second important factor to consider in dynamic static pressures, rupture can be delayed suffieiently to
loading is the propagation ef,., The effect of a force allow both aspects to be adequately covered. The prin. .-

applied suddenly to a structure is not transmitted in- cipal object of this investigation was io us this means
stantaneously throughout the structure% but with a of securing this information. During the fird stagep
finite velocity. Consequently, the more rapidly a forc of the work another object was also in view. to deter.
is applied the greater the tendency for the effact to be mine whether or not the informLtion acquired during .
localized near the point of application. Thus a sudden tests undor large hydro;a.4,3 proaoiva o-'la e o~in 4.
tensile force on a wire tends to make it break at the lated directly with the ballistic performance of a mat*-
loaded end. It is found i.bat for instantaneously ap. v"-."

* plied forces the occurrence of localied faiure •epends The following conclusions are drawn:
on the velocity produced by the force, or, in came 1. The region of high pressure in the neighborhoo
where the loading is prodaced by impact, the velocity of a penetrating projectile is characterized by p ......
of impact is the governing factor. In genera!, there cally infinite ductility.' This ductility is the reult of
appears to be a definite critical velocity of impact for the pressure and does not require any elevation of
a given structure loaded in a given manner. Ab. temperature.
this critical velocity failure occurs At the loaded point 2. This region of high preisure and high ductility
with very little deformation or damage in the rest of surrmunding a penetration Is also a v•gion of very sw-
the system. Belew the critical velocity failure may or vere strain.hardening. This hardening may be by a
mwy not occur at the p~int of application of the load factor of two or three, depending on the type of steel-
(depending generally on the geometry of the system), This Iactor appears to be smaller for steels of high
but the damage and deformatn6n to the structure will normal strength; thus there is partial compensation.
not generally be confined to the .awighborhood of the . This investigation has not revealed any signif,.
load. Consequently, the amount o6tenerg7 that can be cant correlation of the behavior under pressure with
absorbed by a structure underl nipact is usually very ballistic behavior. It appears that, in general, ballisti"
much less for velocities abo'e the critical than for behavior is closely associated with fairly obvious chai-
those below. e of acteristics, such as inhomogeneity, brittleness, pres.

The critical velocity of tensile impact for most due. ence of iLclusions, etc., which can be ir•v•tigated by.
tile metals is of the order of 100 to 200 fpa. In trans- standard methods. ""
verse impact on a thin member, such as a wire, the .The relation between applied force and thc
critic-l velocity ir, of the order of 300 to 600 fps. This st defrmation oftates applied fo s not e-c.
effeci may be important in the caseOf balloon raooring affectid by superposation of a hydrostatic pressure.
cables struck by planes, or for thin plates or dir. In fact, the load to produce a given strain must be
phragme under blast loads. inc'eeased by a*n amounat of the order of only 5 par ocent

Chapter 13• •for preasures of the order of 150,0M0 psi. On the other
hand, the superposition of hydrostatic pressure in.

DE.ORMkTION OF STGL UNDZR creases very greatly the amount of deformation that
HIGH PRESSURE can be produced M.fore rupture, permitting inveitija.

This investigation was a portion of the fundamen- tiou of regions not otherwise attainable.
tal research program undertaken by Division 2 and 5. The orientation of a specimen with revw, to
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the direction of rolling of tho original plate has some against existing weapons with 4.1 tons for the 114 and
""fect an its rupte strength, but no observablefect 8.2 tos on the M6.

on the load required for a given defsoneU n. Because demolition hollou charges were being W&.a
6. The Brinell hardness of steel appesa to be in. agr.nst concrete fortification , the protection of these

crer ed by about 5 per cent for an increase in hydro. structures was studied. Since concreta follows the den.
* static pressure of ,000 ps sity law and its density is low, it is a fairly good pro-

tective material itself. It was found that the weight
,Chapter 14 of concrete needed for protection could be reduced y.
(a,'"4each, or all of the following devices increasing the

DEFENSE AGAINST SHAPED CHARGES strength of the concrete, providing an air space be.o

twein two walls of concrete, using a steel scab plate
The problem of providing protection against on the back -.; face, and using a stael face plate on the

shaped-charge weapons has been studied in con. front surface. The reduction in weight achieved with
siderable detail. In the course of this investigation, the first two devices is very small, but with the last
a number of fundamental experiments and much thee- two it is more significant. The scab plate also protects
retical work have been carried on simidtaneously with personnel aSainst scabbing fragments from a wall per.
the necesaary engineering type of experiments. forated by a shaped-charge jet.

As a shaped-charge jet penetrates the front of a
target, the pressure it produces is so great that the Chapter 1'
strength of most target materials is unimportant and ap 1
the process is governed primarily by the target den. STRUCTURAL I _.OTECTION
aities. Materials of low density provide the greatest
protection for a given weight. Densities from 100 to To study the prin Iplea of design and construction
150 lb per cu ft are pradtical. However, strength is of defensive structures, both civil and military, -

desirable at the rear of a target to prevent the flow was tho original function of Division 2, and, although -.

that tandv to continue after the jet is used up. the chiof concern of the division shifted from defense

Tb- protection of armored vehicles was the prob. to attack as the war progressed, defense never became

lem considered to be the most important, because ol wholly unimportant. Much of the work that was done

the fact that light infantry weapons had been devel. was of fundamental nature; most of this is discussed

oped by the enemy that were capable of perforating in the early chapters of this volume, especially those

anO setting 4Ln fire any tank. Two practical protection dealing with explosions, with terminal balliatics, and

devices were developed. The first was a set of remov. with the properties of matter. Under "Structural Pro.

able steel panels containiug plastic armor consisting tection," Chapter 15, are considered the experimentasl

of a quartz gravel, pitch, and wood-flour mixture (don. studie3 of structural behavior that are not treated else.

gity, 125 lb per cu ft) designated HCR12. The second where in the volume, and the methods of analysis and

was a set of sbeel plates with hardened steel spikes design of wtructurea that bare been developed.

welded onto them. Generally, the important problems of structural pro.
The panels were made to co'er the majority of the tection are: (1) Wo determine what attack will just do.

most vrinerable areas of any U14 tank. The maximum feat a structuire (this is likewise the principal, problem
protection of this type that could be applied without of attitck) or how much damage to a s&ucture will be
interfering with the operation of the vehicle added caused by a certain attack, and (2) how the resistance
11.7 tons. Construction was started on two sets of of a struoturo to attack can be iucreased, or structures
panels, one using homogeneous armor and the other of inercored resistance be constructed. The following
using mild steel. In the mild-steel panels the front experimontal studies have been made (mostly am-
plates %eie backed by aluminum. It is estimated that ewatid In Chapter 15) : the e!!cct of underground ex.
because of its thicker basic armor and the smaller area plosions on massiva buried concrete structures, the
needing protection, the 126 tank can b,- provided with damage caused by external and by confined expiosio" .

equivalent protection by adding 7.1 tons. (briefly), the effect of contact explosions on concrete,
The spikes provide protection by impaling the liner and the behavior of reinforced concrete beams under

of the shaped. charge weapon and thus spoiling its per- impact. On the anastical side, both the elastio and
"f0frmanco. Protection of this kind can be provided the plastio types of bchavior of structures have been

I •
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studied and reasonably simple methods of predicting by careful analysis of the target and by application
the effect of a given impact or impulse on a structure of the principles of weapon eletion.
or structurdl element davibm. Comparisons with ex. In bombing attacks, the physical damage to the tar.
perirs.nt for cases of plastic behavior are shown in get is usually measured in terms of the area Jamageld
the appendix of this chaptet. to a specified degree, and the efficiency of a particular

Impact or contact explosion generally causes both wespon against the target in question is elxoressed by
local and general damage. The local damage may cona its man arm ofrffodti.w . EMA.E]. This quantity

tof cratering on the side of the attack, scabbing is the average expected area of damage for one bonm .
an the far aid, or even perforation of the target. Scab- divided by the weight of one bomb. The greater the
bing may he a very serious danger to personnel or MAE, the more efficient the weapon against the given
equipment within a fortiacation or shelter. Its likeli- target. The MAE for a particular combination of
hood can be reduced by the use of scab plates or scab * bomb and target may be determined in asveral ways;
mesh on the inside face that ar well tied to the inte. the moat reliable method is by measuring the damnage
rior of the wiJL In the abeence of such devices, the oc- occurring in s large number of bombing attacls In
currence of mabbing is determined by the quantity and which targets of the pFrtieular type were damaged.
strength of ezplosive, on whether or not it is backed Targets may be damaged by external air blast, con.
by earth or other material, and by the strength and fined blast, underground explosion, underwater explo.
thitkness of the wall. Exprcssioua for the limiting wall saion, fragmentation, debris, or fire. The target must
thickness for a given amount of explosive with and usually be analyzed in terms of its vulnerability to
without baking are given. Expressions are also given several of these mechanisms, and that mechanism to
whereby the size of craters can be predicted in a given which the target is most vulnerable selected. The weep-
situation. on capable of causing the desired type of damage, and

General damage, distributed over the more distant having the greatest MAE for the target under Con.

parts of a target is caused by either contact or distant sideration, is usually best. In some cases the greatest
explosion, or by impact. The extent &nd distribution overall efficiency is obtained by selecting some bomb
of the effect are determined by the characteristics of other than that having the highest 1AE for the tar.
the structure and by the amount and distribution of got, since all bombs do not load to equal weights on
the pressure exerted on the structure. When the dura. aircraft. The boml' expected to cause the greatest

tion of this impulsive load is short the impulse, or damage per plane load can be determined from a
area of the active force-time relation, determiviea the knowledge of the MAE and the loading characteristics
effect. Methods of predicting this effect are discussed of each bomb under consideration, and should be se-
and their agreement with experiment shown to be ado, lected for the greatest efficiency.
quate. In addition, the magnitude of impulse associ- In many instances of bembing attack a knowledge
ated with a contact, air-backed explosion is shown to of the mechanism of damrag to which the target is

t..pend on the amount and kind of explosive, and on most vulnerable will determine the best type and fuz.
the siapa of the exploiiio charge, the impulse being ing of bomb and frequently will also determine the
g, eater u the center of gravity of the charge is moved moat e~llcient size of bomb to ho ured. For exenmple,
closer to the contact suriace. An expreesion for pre- air blast is most efmcient if very large light-cased
dieting the amount of the impulse is given., bombs are used and a&,ce fuzed for air burst; confined

blast requires GP (occasionally SAP) bombs with short
delay fuzing; underground explosion requires OP

Chapter 16 bombs with delay fuzing; depth bombs are especially
TARGET ANALYSIS AND WEAPON designed for causing damage by underwater explosion

T T LECTION , and ch'uld be u•.ed with properly eat hydrostatic
fuzes; specially designed fragmentacion bombs, with

The ef.lcient prosecution of a war requires that instantancous or air.burst fuzes, should. be used for

weapons be selected for each target in such a way targets vulnerable to fragments; incendiary bombs
that the maximum damage results for a given expen. are for use against combustible targets.
dituro of effort. The proper weapon and the necesary A detailed discussion of the methods of applying

aweight of attack using this weapon can be deter -lined a knowledgb of the mechanisms of damage and a
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bnowlhdge of the characteristic, of the targt to weep. cedal library is that it receive the ser~oua and prd ,.r.
an selection and determination of forme requirements ably the fall-time attention, of a capable individual
Is given in Chapter 16. These principles are applied and not, " tendL to be the case, be given to the newest
too military target, trbmdprtation targets, and indus. member of the organization as one of :N minor m. .
trial target. The result& of many of the target anal. eponsbilitiss-
you given in thia chapter are given in abstract forms .
i ,Setiou6e WeapnData na.sofChapter itapteIS

OPERATIONS ANALYSTS

Chapt-. 17 A training course for operations analysts, to act d
.THEDIV IO N AL AY consultauts on weapon effectiveness and bomib

selection, was giveu at the Princeton University 8ta.
Since the principal function of the division was tion of Division I. The training program included

the collection, analysis and distribution of infor- lectures on the fundamentals of terminal ballistics
mation on the performance of weapons, a bbraiy was and expltsive effects, a review course in meehanic.,
essential to its exihmee. The organization of the li. and a @pec'al course in mathematical probability and .

brary was.designed to fit into the orgu.i.ation and its applications to bombing problems. Additional train.
f anctioning of the division as closely as possible. Chla- i. by other organizations included instruction on
sification of reports was by aubject, with very ro- the characterisrkc end effects of incendiaries by

plts cross referencing by aubject (all the subjects NDRC Division 11, on rockets by KDRC Didsion 3,

touched on in each report were used), by author, by on bombs and fuzes by the U. S. Navy Bomb Di.
title, tnd by all referenc umnbrs appearing o e posal School, further training in mathematical proI_

report. This made it possible to locate a report of ability by the Applied Mathematica Panel, and. a short
which only a fragmentary description was available' urse at the Army Air Forces School of Applied
it was also possible to find all reports in the library Aproi alo e re id y rthatdeal wih • artiul•nubi'S.Approximately forty men were trained. They were
that, dealt with a particular subject. asge ooeain nlssscii i eea' ~ ~~assigned to operations analysis meotion& nf several i. .i

The usefulness of the library was considerably in. Army Air Forces the Joint Targct Group (AC/AS
creased by the preparation of abstracts of all reports InteAaigence), variout naval organratio , and to-

as they wore received. These abstracts were distributed other work where a knowlede of weuponperforman, "
promptly to the various research workers in the dir,. wa '...irom.

sicn, enabling them to rcqucst 4.1.o~a rePort of 111 0 The worlk of these men was very well'received, and
ular use to them, serving the purpose b-tter than a some of themnwere clearly influential in docisin6s taken
simple acquisition list. The abstract of each report at higher levels. Most of the men worked f~r the Army
was also put on its principal subject filing card sothat Air Forces, and all indications are that.the Army Air
a subject search through the library was possible with. Forces were weUl satisfied with their'work in analyzing
out an examination of all reports in the field in qus- targeto and deterrining their vulnerabilit".
tion, and was not handicapped by the absence of any
reports that happened to be on loan. ' -. ...

The reports receired were obtained from variovu Chapter 19
sources British reports on weapons and weapon per. WEAON DATA SHEETS
formanc.' came through the OSRD Liaison Office. Pa. W "--HE

ports prepared by the American Services were obtained Division 2 has preparea loose-leaf .noiebook giv.
through Group A of the Liaison Office. Those members In&, in compact and accessible form, quantitative
or associates of the division who were attached to, or information en the characteristics and performnaoe
in contact with, other research or investigating or- of weapons. The emphaais has been on aerial bomb-.
ganizations were of great assistance in securing re- ing, but other weapons are included. This notebk" .
ports. By the end of World War II the contents of the was icaued in loose-leaf formlo that new materio and -"
library amounted to about 20,000 items. revisions of old mtterial could ho added at ftreq"asit

Pebhapa the most important requirement for a sue. intarvals. .
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The noteoook was fiAs pubUbahe in july 1l94& for field use, and bound copies of the final eil.

!Vdt7 Copies eontaIning 15g Weapon Data Sheets and mechotd a toale of neerlY 1,200 COsPUm
S 6 Icident gommzratift wer imaed then. The book Ml sheets of #he final edition, with one -mido

finaly included & total of 81 Weapon Data Sheets end and a few m =nor correctioxm, aer rreprinted in Ohipt

17 licident snymmeries. The final distribatlon, includ. 19 to sar"e aa reforpnce, materil for the other chapters

inlg the desk-ai. loow-laf notebook ip pocket edition of this rePOrt
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•: " .. *. UNDERWATER EXPLOSIVES AND EXPLOSIONS

U INTRODUCTJIN completed, on te so-celled bubble phenomena, that

UT DERWATU& .xploioni a . . lous, military tin- is to say, the pulses emitted by the oscillating pa
portenee in connection with attack upon merchant globe resulting from an underwater explosion. Some

a es cluding b dinth work h been done on the theory and mechanism at

clearance of underwater obstacles both artificial and dabage to structures but this work waa very far frm,
nature!. I6 addition, they have recently been used e crmple'.
for long-distance signaling. In order to utilie such.
explosions most effectively and in order to design the IJ SURVEY OF RESULTS OF U'NDERWATER
most efi it underwater weapons and to develop EXPLOSION INVESTIGATIONS

, quantitative methods for determining explosive eftee-
tivencss in various weapons, it is necessary to have The term "high explosive" is used for those sub.
an understanding of the plhysics and chemistry of stances which are capable of undergoing an oxceed.
the phenomena involved.& For these reasons it was ingly rapid decomposition known as detonation.' This
decided by the National Defense Research Commit- distinguishes a high explosive from propellants or
tee [DRC] that a laboratory for the investigation lovi-0 explosive& which ddecompose by a process of
of underwater explosions should be set up. The Underw rapid burning. In the detonation process, the reaction .
water F'xplosives Research Laboratory [UER14 was zone spreads through the material at a rate s er.
accordingly established, first under Division 8 (Ex. mined by the physical laws of conservation of m,
plosives), by means of a contract with the Woods Hole momentum, and energy. In the burning process, the
Oceanographic Institution at Woods Hole, Massachu. rates of the chemical reactions involi• d are not fast
setts. In 1944, this contract was transferred to the enough to sustain a "dofnoation front," and hence the
jurisdiction of Division 3 (Effects of Impact and rate of conversion of reactants to products is limitad
Explosion), as a consequence of reorganization of by the rates of these chemical rMactions.
IDivision 2.

Before the founding of the Underwater Explosives IM1 Description of a Typical Weapon
Research Laboratory, work had been done on under.
water explosions by the Naval Ordnance Laboratory A normal underwater weapon conzists of a n
rNOL], the David Taylor Mo'el Basin [DTMB] charise of high explosive, for example, TNT, a booster

the Submarine Mine Dcpoe, and by various organize. charge, which Is a small charge of a somewhat more

tions in Great Britain.' The British work espccially sensitive explosive, and an initiator, rh.irh is a deto.

had clearly outlined the principal features of the nator cap containing a percursion or heat-sensitive

phenomena to be studied and had, In addition, indi. explosive in very small quantity. The initiator or deto.
eared some of the moat proinining directlov~s for the nator cap is fired by the fuze mechanism. For example,

developmaent of instrumentiaio'n2In spite of this, in a depth charge this may be triggered by the hydro-

however, the state of kitowiledge In 1941, when work static pressure which causes a striker to bit the deto-

was began under NDlIC,'was extreoely rudimentary. nator cap and thus set off the very-sensitive material
By the end of W~or'ld War II, a large amount of in it. This small explosion detonates the booster charge

information had been a*quired, both by the British which. in many weapons, consists of a few pounds of
and by ourselves, con&erning the nature of the explo. powdered TNT. The resulting explosion is then suM.

sion process, particularly as concerus the shock wave ciently powerful to detonate the main charge of less
"emitted by an underwater explosion. Thu relative effec. aensitive material. The chemicals contained in the
tiveness of various explosives 6ad been measured. detonator are too sensitive to be ban&'ed in any quan.
Furthermore, gtudies had been made, though nit tity, so that only a few grains are used.. Mprcury ful.

_ tminute or lead azide are commonly uzad in detonatora Pertinent to War Departinent Projects .OD-0S and

S0D-131 anl to Navy Department Projects NO.138, NO-22, caps often combined with a small quantity of tetryl.
NO-224. NO-.37, NO.263, and NS-247. Either impact, as in concussion cap, or heat, as in an
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UN•DRWATER 3XPLOStVY AND ELWOSIONS .

electric cap, will cause these combinations to detonate, ucts of considerably lower energy. This reaction In the
whezes cut TNT and other military explosives, suit- ordinary typo of high explosive does not require oq-
able for the main hargS Wuod wet detonate with a Van from the air but is a process which will go spot.
comparable excitatian. taneouSly without outside asaistc" one. it i tarte&.

madt hie explosives are organic nitro compounds;t Explosives Commonly Usedl fat t.hat is, they hav the lNO2 group attached to Caboa

Underwater Weapon. atoms In a molecule. TM attachment i by way at ,
nitogn aomDurngthe ett lohient reyaytion. the

Temateriash which have been most commonly used irpiao uigteopoinratotm
for thie main fillng in underwater weapons are TNlT, atofl15 in the molecule ase pertially broken apart mAn
amatol, minol, torpex, and HBX, whoe compositions rwranpd so that the r, Prpduet. would b.
are given in Table L (Tritonal and RDX-Compol- *satep, carbon monoxide, carbon dioxide, and nitroe.

in other words, the oxygen t"!n erf from the nitro-
"TmkAu 1. zpl* o&- gen to hydrogen and carbon, to which it can be mor

Component proporwiMot strongly bound. thva rcleasing a Tery considerable
Explosivo AN RDX TNT Al C&Ct, DI w quantity of energy. If aluminum L, drieengt it bas a

TNT 00 ... ... ... strong attraction for the oxygen and, during the me
Amatal 41S .... W20 ....0........ action, takes up aei the oxygen needed from theother

MInol5- 40 40 SO ............ material. This process of decomposition and rear- n
TorpoSx .... U 40 1 .......... 01 rangement of thi atoms is exceedingly rapid In an

1MX_1 .... 4M $a it + I 5 ..
rltoi. .... - s + ..... .... I explosive but is not instantaneous. Furthermore, even

RDX-Comp... . 0 40 i.......... it the reaction velocity we!-a ininte, the laws of co•-
AN sw An•, a servation of matter, conservation Of momentum, and
RD% cyslo-'w ",wRlitkao--bduam" conservation of energy would place a limit on the
TNT taltnl.Aim
A, -al& a - o • velocity with which the region of &composltion could
C*Q O.-UM .hdib proceed down a stick of expidaive detonated at one
wa lyb .'mz64%LU , woe&uAoflhdthle•s-e&ill end. This velocity In a solid high explosive is ox-Wau & vude&1 of h'ah-mstta w&ue have bean amd.

W Fa- aMuA- of 0he ptoputt" Id tu a.. eoVAAf No tretily great, of the order of 10,000 to 20,000 fps
Data hshe 1A1. Chla M9 b ut it can be, and has been, accurately measur"ed.

i Piootan totk ku of iant a, inay ,uay aA %Ia m1o
Detonation velocity is an important property and one
which is now quite well understood. For most militarqtion B are included since they wern extensively used ••..

by tba air foroc aginst land targets.) applications, it is not a measure of the power or ag-•
The introduction of aluminum into military -fulness of the expletive. Methods exist for calculatingThes on a largeoofcalemwasmonetof the explo- the detonation velocity of materials which have not
eoive on a large orls wasoneiof Ththe outstanding do- been made in more than gram Iots. Wbat is required

grealyop tam Woeenrld W releasThisoadditionavery is the chemical formula, of the material and the
greatly ierefaes the energy released on dctonothon heat of combustion. These considerationa of thermo-
•nd therefore the efvctiveness of the charge. No other dynamics and hydrodyiamics, namely, the conserva-
change in ch•mieal composition produces nearly s tion la of mas, momentuo and energy, permit a ...
great an exhancemant of the effect " the introduction computation of the detonation velocity which agm""s
of aluminum.

Torpex was the most powerful military exploaive quite well with that measured experimentally. For a

used during World War II. HBX is a form of torpz more complete diacussion of the detonation process
in sedcha duringWonld r hI. been inaorp ofated torspe and studies on detonation velocity, the reader is refer-
in which a desensitizer ha been incorporated to make red to the Summary Technical Report of Division &.the material less hazardous to handle,

Aa the detonation process proceeds down the stickA considerable number of other materiasl have, ofofeloieth oiepl'-ein rntotedt- ii'.l

coure, eenused esecillyby eemynatkof explosive, the solid exploaita in front of the doto..course,.been use, especially by enemy nationsnto.aei n.' o h xeec fte•o.1,"'"
nation wave is unevrare of the ecistence of the ezplo-

U siou becauso the detonation wave is traveling with a
velocity greater than the velocity of sound in the ex.

High explobives are chemical compounds contain- plosive material. Behind the detonation front, the
ing large amounts of energy; that is to say, com- presure rises almost i-stantly to an exceedingly high
pounds which can undergo reaction to a set of prod- value of the order of 2,000,000 pi,'If the explo.
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REULTS OF MDERVATER EXPLOSION LW'ESTICATIONS f:

sive is unconfined, this region of high pressure will ward. This ompression anO outward motion is then
. rapidly expand into the sum unding medium, whetal.• transmitted to the nest layer of water, and s tofrth. i

air or water, and thus fall ultimately to atmospheric that a wave of compression spread& out throigh the
pressure. If the explosive is contained in a metal case, water, accompanying which the water acquires an out-
Sthe cae is ruptured, ward mass motion.

Under certain conditions, a high ter detonation KvT= or T= SmOci WAy'
sub as describei above does not occu=. FW exmph, * The compressiMwv L3, ,eteu ray interaeting.
if the initiation trocss is inadequate, the explosive properties. In the first place, it has a vert steep fout;
may amplr hum if open to the oxygen of the air. in other wors the rise in pressure a the wavw
This bun 4 is very fierce but a very much slower reaches a given point in practicaly instantsaneous.-
pi -va indeed than detonation. The energy released This is partly berause thi explosion which produced
may be actually greater than in the case of detonation the pressure wave was a very 4vid event in itself.
but It is released over a relatively long time and, Even if ia • evr pro,,es were used •o start the 'eb..
therefore, does not have the shattering effects of a sure wave s that it would, not initially be steep.
true explosion. Even in the absence of oxygen, the de- fronted, it would gradusly "become steeper a it
composition way take place at i lower velocity or may traveled outward through the witar, because the higha

Sbegin and then d~e out, leaving a large mass o - pressure portions of the wave travel faster than or
reacted material. It is also possible that a fairly thin "overtake" the preceding low-pressure portions This
laye•. of material near the surfce t,. the explosion overtaking effect follows from two consequences of
may be blown away without decompolitlon. This layer the passage of the premeding low-pressure -ave. First, -

. would, therefore, not contribute its energy to the ex the water behind the law-preasure wave is compressed
plosion. These questions of so-called low-ordor deto. and somewhat heated, and hence transmits compres-

I , nations are not cumpletoly understood but can usually sion waves more rapidly than the water ahead' of the
be avoided by having a suitable booster. low-pressure wave. Secvnd, the water behind the low-

As the detonation wave passes a given point ir the pressure wave has acquired a mass motion forward as
explosive, there are left the &Aseous products of the tl•t the high-preure portion is being propagated
dccomposition of the explosive at a very high pressure, through a forwari.moving medium. The high-pressure
moving with a considerable forward velocity. This
pressure is sufficient to burst the container of the regions and t ventuald y to form a very steep flow nt
weapon without regard to the tensile strength of tha The steep front (ste Figure 1) of the shock wave"metal; in other words, the metal has an effect on the is followed by a region of decaying procure which is
situation only through its inertia, since its strength to be expected becaio, a the explosion ga6es expand
is utterly negligible compared with the force which they will rapidly fall in presure. In fact. this fall of
are acting upon it. Tn an underwater explosion, they w p l r . t
thlu •ntainera normally used have very little influ- - - .
ence on eithcr the internal or external phenomena, so ,!
far as is knuwn. *.
1±4 •. Properties of the Shock Wave f . .

"The very high pressure i, the explosion products is -i
communicated to the water immediately surrounding
the charge, since the gaseous prolucta naturally begin .1]
to expand at once and, therefore, to push against the . "
surrounding water. it is often stated that water is in-
compressible but, of course, this is only a relative ,
statement. Water is much less compressible than air .

"" but is considerably more compressible than, say, steel. .. "
Under the influence of the very great presuwes pro- •. .X h 'so .w..

duced in an etplosion, a thin layer of the water around Fivw 1. OvIlUomr•a showin presure-time •urve - T
the charge is highly compressed and accelerated out- reoed by plaoe.tlecrui pu"s-
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pressure with expansion is muc& va- rapid than one the. shock wave arrivea at the point, uM~ which the
miglt at first expect If the gass formed by the ex- water would immediately acquire a forward velocity.
plosion acted like gaes at ordinary temperatures and This forward velocity would decay as the presmmue
pressures, the pressure would decay somewhat more decayed. Because of this motion, the water through
"rapidly than the volume incre-sed according to the which the shock wavy is passing posesses an outward
ordinary laws of guesa. If one considers the properties momentum or impulse. This can be measured by elb-
ea gaswithadeasityeof,lmy. 100lbperc ftor- tai gthe area undwtr the prelurtime cure sta
respoding to a pressure of sbout 2,000,000 pd and a point and is one important characteristic of the shock
"tempeatu, of the order of 3000 C, am am that wav Another obviously important eharacteristic of
these properties should deviate widely from those of the shock wave is the amount of energy which to
a gas at 1 atmosphere pressure and room tempera. propagated outward past any given point. To a fair
tura. In faet, a considerable part of the high pressum degree of approximation, th is given by the are•
exhibited by Paa of this density Is due to deviations wider the curve in which the square of tha pissux-
from the ideal gas laws caused by the finite volume Is plotted against time, though more accurate exrem-
occupied by the individual gas molecules themselves, uions can be given. It the pressure were low, such asa volume which is normally neglected in discussions is the case with ordinary sound waves, the integral of

of gasea at ordinary pressure. Therefore, as the gas the squuro of the pressure gives accurately the energy
expands, this contribution to the pressure is very rap. transported. The forward velocity of the water is
idly lost and there is a very rapid decay of pressure proportional to the pressure and, therefore, the kinetic
with expansion. This decay of pressure in the explo- energy of the water is proportional to the square of
sion products shows up as a decay in the preaare the prsmure.
behind the peak of the comprestional wave traveling D 0o TMr o Diewi--
out through the water.

The compresaional wave, when iU has become steep- If the explosive is in the form of a sphere or of a
• .fronted, is called a shock wave and is responsible for cylinder r -t too far different from a sphere in shape,

"at least a part, and probably a major part, of the dam- the shock wave will spread out more or less uniformly
age caused to ships and structures by noucontact in all directions, thus forming what is called a spher.
under water explosions. ical wave. (See Figures 2 and 8.) The area covered

If measuring instruments are located at some dia-
tance from an underwater expldsion, nothing is o.- [
served at the actual time of the explosion except ["

"'�*pcibly a flash of light in some cases. At a finite time r'.
later, depending upon the distance from the charge, ...

there is a audden rise in pressure to a maximum value, j : A
which is called the peak pressure in the shock wave. " 0..
Afcer reaching the peak value, the pressure immedi. [ '"
ately begins to decay. 'The decay with time, at a given ,.i
distance, is roughly givea by an exponential expres.
aion of tha form

• .' ~p1 = Po-'u l..

where P, isthe pressure at time J and P. and 0 are
constants, the peak pressure awl time constant re-
spectively, of the shock wave at the given diutance.
The rate of decay is commonly indicated by giving
the value of 9 which corresponds to the time re-
quired for the pressure to fall to 1/s of its original "./.... -
value, where s is the base of the natural logarithm
or n.71& •_a_ .............igt--t...

Suitable instruments might also be used to detect havAm 2. Flash photowrsph of Wrlb spherical pentollte
the motion of the water. This would be zero until chuge detonated At oewr.
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.. " .gresss outward because the high pressure In the
.font of the wave travels faster than the low pressur ,
"in the "tail* of the wave. The increase in the 4n -t-3-"
tion partly compensates for the extra decay of peak"i
pressure with distance, thus bringing asout the result
that the impulse decays very nearly as the &Ast powe
evare when diselpatio Is aawdsi&a.

" ORDER OF o AGoMWTI O0 SHOK-Wi TM PARARU•M
Some nu.,ne.al values of th. various shock-way

" .'. • .j~i.parameters discussed Above are presented in Table 2.
Tn zz I Shock-wave parametaa kw 800 IM .a"

. ,c�ast TNT (desity I.M2).
Diustance from charge fftp _

-0 . I s___o 1 0 0

.Peak pressure (0) 6,160 3.900 1.820 1.030
"I LmpulS (Pal-me) 3.6 2.56 1.41 0.90

Energy flx Vl8-1ln.) 1.676 760 131 64
Time constant (msec) 0.45 0.60 0.5? 0.61

"*3Mewn•ed to a irms bewed the 4book tramt eqU to &.I tIMn the Ua.

-- Tux Low-Pamuus TAn o Tan Szoicx Wtvi"
At a time behind the shock front c9rreaponding-to

'souaa 3. Flash photograph of %4lb syannetridl ce five times the tims constant, the pressure ha fallen
'pentolit cylinder detonated at ont¢.- to 5 or 10 per cent of the peak value and thereafter

decreases very slowly. This low-pressure region is
by the wave will, therefore, Increase fs the square of commonly called the tail of the shock wave.$ On theo.
the distance. Hence as the wave spreads outward from retical grounds it is predicted that the pressure must
the source, it will decay and, if there were'no diaspa, eventually fall to zero and then go slightly negative,
"tion, that is, no conversion of energy into heat with but at what time after the shock front this occurs
the passage of the wave, the total energy would re- is not definitely known.
main constant over the whole spherical aurfam. l,. To date, accurate measurements of the tail of the
cause of the increase in area of the sphere, however, shock wave have not been made. This is due to the
"the energy transported across the unit area would fact that the instrumentation was generally designed
decrease as the square of the distance from the ex. to measure the higher pressures in the early part of

Splosion. Connected with this would be a decay in the the shock wave and thus the necessary accuracy for
peak pressure which would follow ar. inverse first measuring the very low pressures in the tail was not
power law, since the energy, which is related to the realized. For explosive compartson measurements this
square of the pressure, decays as the second power, difficulty was overcome by measuring the impulse
The impulse or momentum would decay approximate- and energy flux to some arbitrary time after the shock
"ly as the first power since it is the area under the front. It wes convenient for this purpose to choose a

* pressure-time curve. In actual fact, there is some time equal to some multiple of 0, the time constant.
discipation, since the passage of the ahock front will For exampie, at a time after the shock front equal to
re.ault in an irreversible transfer of mechanical ene.-U 8 0, the pressure has fallen to approximately 5 per
"into heat through the action of viscous forces, etc. This cent or less of the peak value. It should be pointed
nlos of available energy causes the decry of the energy out, however, that, although the pressure in the tail " .
"transport to be somewhat more rapid than the inverse of the shock wave is very low, if it lasts long enough
square of the distance, though the effect is not very there may be a considerable quantity of momentum
great. Consequently, the decay of the peak pressure will in this portion of the wave. Whether or not this

. be somewhat greater than the inverse first power. momentum, which is delivered at a low pressure, is
The duration of the wave inereasca as the shock important in damage is not known. . ",.
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24 UNDERWATER EXPLOSWE AND i LXPOSIONS

Tax Pnucznu ot SuLrruum where W Is the weight of the charge, R the distan,-.
It is very fortunate that the peak pressure, duf. from the exploeion, and the fs unspecified functions.

tion, and other properties of the shock wave from In actual fact, it is found both empirically ind theo-p
charges of one size can be very simply related to the retically that the decay of peak pressure with disumce
properties of the shock wave from a charge of a aid. in water does not deviate greaLly from the itveri.
"ferent ass. The. relation can be stated as follows firs power as menti-oned above. If the decay were

IT every Inem" dbmemon of an exploive charge s exactly invese first power, the siilarity law would
multiplied by the same factor k. tU= at a dietanc lead to the conclusion that the peak pressure at a
RL- from the larger charge, the peak pressures will fixed distance would increase as the cube root of the
be identical to the value at a distance R from the charge weight. The dependence on distance of the

smaller charge, but the duration, the impulsm, and shock-wave parameters must be determined experi.
the energy from the larger charge will be k tinm mentally, and equations expressing their dependenco
greater at thes related distances. If two charges have are approximate, but the similarity law is presumably
approximately the same shape and one is k times very nearly exact..•t Figure 4 illustratei the accuracy
larger in its linear dimensions than the other, its with which similarity saling represents the features

egreater. The of the pressume-time relation for spherical pentolite
law can, therefore, be approximately stated by Usig charges of from 4 to 80 lb. The deviatons in the tail
the cube root of the weight ratio as the scaling factor of the curve are probably experimental error, since

S3k. As sia example, one might compare the shock wave measurements in this region are as yet subject to error.
from a 300-lb TNT charge with the shock wave from When targets or gauges, etc., are introduced into
a charge weighting %6 of a lb and having the same the picture, perfect scaling cannot bt expected unlea-
shape as the large charge. The scaling factor is then these objects are also scaled. That Is to say, each of
10, the cube root of the weight ratio of 1,000. Cons-. their linear dimensions should be multiplied by the
queutly, one should expect to obtain the same pressure, scaling factor k. This extension of the rimilarity
about 6.000 psi, at a distance of 2 ft from the small principle to targets as well as to shock-wave properties
charge as was obtained at 20 ft from the large charge. is called the Itopkinson ru!e sad is subject to more
"The duration, impulse, and energy at 20 ft from the uncertainty theoretically and experimentally than is
large charge will each be ten times as great as the cor- the simple scaling law of Vie explosive charge and its
responding quantity 2 ft from the small charge. It is shock wave. (See Section 1.3.3.)
very important to note that this sealing law, by itself,
does not tell anything whatsoever about, the law of 1±5 Interactions of Shock Waves
decay with distance. No matter what the latter law vith Surfaces
should be, this so-called similarity or scaling law ItYLrToX AT FPit" SURFACE&
would be expected to hold. What it does do is on- The effects of the fre water surface on the explo-
nect the law which governs the wvay in which the Teefcso h r- ae ufc nteepo
sleck-wthe propertis w changoern the diance whith the sion have been neglected so far. When a shock wave
lcshock-wave properties change with the reaches a fro surface it is reflected, not as a wave of• ~~law for the change of alhock-wave properties with ' -compression but as a wave of reduced pressure or rare..charge size. It is, of course, assumed that when thi c ion T am a wa reduced s oure oa

faction. This is a familiar phenomenon writh sound
charge sizes change, the explosive type, density, etc., a fl• .. are I-ept the same. Matliematically stated, the Simi- waves and holds true also for high-amplitude chock-.

wsves. The surface of the water Is thrown upward
larity law Is: with less resistance than is water deeper in the ocean. , --

Pressure P Cnscilently, there is propagated downward the
\7u Prarefaction wave mentioned above. If the target or

gauge is beneath the surface at some distance from
Momentum I Wtf ( .-), the explosion, it will receive not only the direct wave

from the source, but also a wave which has been re-

"Energy flux B Wi't I.Wi flected from the surface of the ocean and Is therefore
a rarefaction wave. The reflected wave vill arrive at
a somewhat later time than the direct wave because

-'Time constant -- Wi ,of the longer path. When it does arrive, being a wave
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Fsuuaa 4. Slmillity comrnpsuwi at promuxee-Ume curves for sphe.lcIes pntolits charges of 4 lb sad 80 lb

of rarefaction, it will tend to cancel the pressure still when R, the horizontal component of the charg.-to.
being exerted by the tail of the original wave. A gauge distance, is large relative to the depth, Is
pressure-time curve showing this reflection is given S -D
in figure 5. This is the phenomeuon of "cutoff" and 8
can be the liiting factor in the range of effective. -
ness of charges in shallow water. The time Interval where # and D) are the gauge and charge depth& find

*between the compression and rarefaction and, ther e. is the velocity of sound.
fore, the resulting duration of the pressure pulse in
shallow water can be at least approximately computed C(Jrwoii
by using the known velocities of thes waves and the There is another phenomenon of importance whic"

geometricel direct and reflection paths. An approxi. complicates this surface reflection effect and that in

mate fo'mil~a for the cutolf time, 1, wh~ichi appliea the phenomenon of cavitation The reflected vav!e
-. from the surface is a raref action wave, b~it water will

-- not withatnd any appreciable te.sion. Although it is
claimed that extremely pure water under laboratory

lop;

aA - conditions can support at least several hundred
"pounds per square inch of tension, the evidence seems

"aT e pCU-OreFF* extremely strong that ordinary sea water, which
would normally contain many Impurities, including

* sair bubbles, etc., can sustain practically ,o tension.

O Miteen tension is applied, what bappens is that the
Swater is torn apart and small bubbles appear which

contain either sir or water vapor. TheTre bubbles have
been photographed, as illustrated in Figure 8. The
occurrence of cavitatiott herefore limits the amount of

________________*rarefactioni which can be transmitted through the
water. This limit is approximately equal to the total

TUN IN usw lo s pressure (atmospheric plus hyoe rostatic -plus shock
wav) gwhich is present. Any groatae rarefaction,

5 p.gwhich would tend to cause actual tension In the water,

tm curve•'•VO, showingl "cutonf ofa ordinarye due toer whic "-,

at .-I a • ai results i. caitatIOnU.
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UNDERWATER EXPLOSIVES AND EXPLOSIONS

.r . be approximately that of the free wave, irovided the
s.. . .a is of iznalte extent at at least n largo that

, . , . .-:. t .• signals coming from the edges do not arrive during
S.... .... the times of interest.

•*i• .... The flaith photograph of Figu,,v / shows the me.
f-ected shock wave in front of a steel block as wel-

-,*,1-as the initial hock fr"aL

. If the wave strikes at an angle, the phenomenon Is
• "ihla to the acousfic caseo of the reflection of a aound
wave, provided the intensity is not too gmreL For each

-'0 -

4, ,h 0 -

Fowt &. Flash photo4g4ph of shock wave refleted qat free surface of ues. |

RlEFLECTION AT BRow1 SuUijAOzS tAlfIT
Whca a shock wave impinges upon a rigid surface, j |

it is reflected as a comprersional wave. In other words, a a..
it is more or less completely reflected without great .
change in shape. If the incident wave strikes the wall .

.ol head-on, it will be reflected back along the same line, S .
"with the result that the pressure immediately in front - Z R a

"of the wall at the time of reflectiou will be the sum A"L~flo "
of the incident and reflected pressures. To a consider- t' 4"
able degpeo of accuracy the peak pre',ire at the rigid .
reflecting surface xvill be twice Lho peak pressure of
the incident *ave in free water aud the duration will _

.6 in

*. I ANGLE OF MAtNCEON OF %~IKM WAVE

"Finuaa & Plot shouing theoretical prec~ctlon of on'

1' ditluras under whichi bach reflectlon will occur.

I angle there is, however, a theoretical lower limit to
I' the pressure, above which simple acoustic-type refse.ý

"" - tion cannot occur.' WThat does occur instead is the so-
called Mcch effect. Theoretical studies have beenlFiouit 7. Mush phototrap%@horn adwancc of shockwave arou7.ndh cyl togi~ica l block. uAde''-11 of the phenomena which take place under

wave around cyndCicaN ItecI block.AL
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RES-ULTS OF UNDERWATER EXPLOSION INVESTICATJIM 2

~ * when the waye strikes at an angle than whten U

S. approaches haad4in.'
S..... :'" "'" -' ' MULTIPLE CHAROES n

"•.•:" - ">•:'•: . .... .The enhancement of certain parameters in the MwIhL"

Intersection moue of the shock waves from multiple
.harges suggests that a SIT= weght Might be moro
effectively used under certain conditions if divided
into several properly placed and initiated parts.la'
Clearly the meager data now available on this whole
field should be supplemented.

W-,•ZACTIrO oF SHocK WAYS Wrm A
DXFOBA.DLE T~Aao

Althoug, it cannot be said that a
of the phenomenon occurring when a shock wave re-
fleets off either a free 1.e a rigid surface is available,

j - there is at least a considerable body of knowledge re-
;,," . *. garding these two typea of events. When one conasders

the eftect of a shcck wave on a yielding suiface such
as the hull of a ship, the situation is much less satis-
factory. If the surface is reasonably stiff, then one
might une the rigid surface tnre'-ent, which would
yield a doubling of the pressure in front of the sur.

Fiocxz 0. Flah photograph showing ordiaW swivitie face. As soon as the hull plating begins to move, there
WZ*S~ti•l O• tw~O Shook wave, will be sent out into the water a rarefaction wave be.

conditions such that acoustic reflection can no longer cuse the moving hull will tend to pull the water with

o it. Because of the inertia of the metal, its motion mayoccur. Some of the results on shock- presure3 in water cniu fe h hekwv r~r a ~lut
* 1 re resntedin igue 8,repodued fom Bueau continue after the shock-wave pressure has fallen to
are presented in Figure 8, reproduced from a Bureau alwvle h aeato aea otb h

of Ordnance report.1' Note that the more glaring a low value. The rarefaction wave sent out by the
the reflection, the lower the pressure which is required r- - --- l-o-p- . . I. . ."

.I to canne the Mach effect. When a Mach reCection takes
"place, there is also an incident and a reflected wave

but these do not reach the surface. Insead, there is

"" a transition region containing a wave runring parallde
to the surface, called the Mach "stem," which con-
wtcis the junction of the incident and reflet waves
writh th surface. Figures o and 10 Illustrate the dif- "
ference between regular and Mach intersection of two
shock waves." These cases arc essentially equivalent
"to the reflection cases since the reflected shock wave ,/1 , .
can be thought of as a second shock wave having Its
origin at an "image" charge behind the rigid surface.
E!.pcriementslly, in this instance it i4 eaaier to study.
intersections of two shock waves than it is to achieve
an ideal rigid reflector.

The pressure relations are not iully worked out
"theoretically for the Mach phenomenon, which is of
more importance in air than in water (see Chapter
2), but it is known that the net result may be to Fiuns 10. Flmh photograph shownlg Mach nta-..
cause the pressure exerted on a surface to be higher ,ection of two shock waves.
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moving plate will certainly reihice the applied pres. closely related to acoustic theory, in which the com-
sure and may often cause it to become negative. This pressibility of the water is the all-important factor.
will be especially true for a light, thin ptatk !f the On the other hand, the flow of the water in the later
pressure does become negative, then cayitdou will stages is best treated by the mpproximation of incom.-
follow. The appearance of cavitation in front of a presaive flow. One simply regards this large man of
plate bing damaged by an explosive wave hu been water as being pushed out by the e.ansion of the
photograelhieally demonstrated (see Figure 11) and bubble.

,__�_• _�_T•- . ' ' .•e i-ertia of ts large mn of moving water
caurea the expansion to go pant the point of equilihb-
rium so that the pressure within the gas globe falls

., , far below the hydrostatie pressure at the given point,
:.and the size of the gas globe increase to a maimum

value considerably in excess of its equilibrium value
.. ' •'i:i . .. • 1 at that depth. This overshooting phenomenon wil re-

sult iii a subsequent contraction of the gas as the by.
drotatic prosure of the water brings the outward flow
to rest and then reverses it. The water then flows into
"the cavity, compressing the residual gases and again
the inertia of the process carries the bubble past its
equilibrium radius, so that actually the gas bubble

is comprepsed down to almost the size of the original
.- charge, with a consequent building up of the gas

Ftauci 11. Flash photo•irah showing cavitation pressure. This pressure increase eventuaUy cushions .
bubble* In front of thin air-backed diaphragm. the inflow, brings it to rest and then reverses the flow. i

will profoundly modify the course of events. It is suf. The net result of this series of evcnts is a pulsating

flcent to say here that the effects of shock waves on phenomenon. The gas globe oscillates in size, becsm-

yielding surfaces arc complicated and not thoroughly ing larger and smaller, with a period which i very
understood. considerably greater than the times involved in the

shock-wave phenomena. For example, a 300-lb depth

Behavior of the Gas Bubble chtirge at 50 ft hasa a period of pulsation of approxi,
nutely 0.70 sec. It is not difficult to devise a simple

01CILLILTIoNs OF THa BoMN theory which yields a reasonably accurate calculation
The gas bubble formed by tile products of the ex. of the period of the motion."-" By a simple con-

plosion will continue to expand for a considerable sideration of the law of conservation of energy, it is
period of time after the explodoe,. Thus, for a 300-lb found that the period is governed by this following

depth charge at, say, O0-ft depth, this time may be formula:.
about 0.35 see. Consequently tho water which formerly T = KIV Z-1,L
occupied this space is moving outward during this .I Z
whole time interval and when the biubble has reached where T is the period, IV the charge weight, and Z
its maximum expausion, the total displacement of the the depth of the charge plus 33 ft. The term K. is a
water is very censid.rable. In th0 example qua•ted, the constant characteristic of the explosive.
maximam radius cl the bubble would be sbout 17 ft At the first contraction of the gas globe, there is
and this figure repres ntA the nmaximum displacement a sufficiently high pressure produced in the gas to
of the water whici, was originally in contact with the send out another compression wave through the water.
charge. TNis displacement is very much greater indeed This compression wave differs from the initial shock
than tt;- quite small Oisplaccmnv't of the water caused wave in that the pressure-time curve is not steep-
by the p!.sage of the shock wavy itself. The division fronted but is more or leas symmetrical with respect
of the pl,ý-; omenon •uto two parts, a shock wave ad to time.'"" The peak involved is not nearly so high
then the so.-alled aftvr flow or hicompressive flow of as in the initial shock wave being oý the order of %o -
the , is sai ab .:ary but very convenient division, to %o of the, value, but the duration of this pulse is
The phenomcna i '.he shock wame itsilf are most rather greater, with the result that the impulse involved
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RESULTS OF UN4DERWATER EXPLOSION INVESTICATIONS 29

"in the first of these bubble pulses is of the same order Ity during the first few oscillations. Tha them" will
or even greater tham that transmitted by the dsok" aa exist a lower Ores' positie."
wave.u The successive bubble pulses become smaller It is difficult to give a simple, physical description
and smaller so that there is little practical importance of the cause of the attraction by a rigid surface and
from a damage viewpoint in considering any beyond the repulsion by a free surface, although the effect
the first. The energy that is originally present.in the was first predicted theaotically." Some indication at
o outward owing watr., which is d the der of 60 the mechanism of this effect may be gained by remem.-

* per cent of the chemical energy, is gradually 00Onvrted bering that, "s the bubble expand& during its oscille.
into heat by the formation of vortices or radiated as tion, the water is pushed away and must flow some-

ompraaional energy of the bubble pulses. The first where. If a rigid surface is nearby, the water is pro.
bubble pulse may contain approximately 5 to 8 per vented from flowing in 1hat direction, so that the
cent of the 4riginal chemical energy. It is seen from bubble is first repelled, but as the bubble begins to
the formula abov.; for the period that this bubble pulse contract the reverse process occurs and the bubble

phenomenon us a function of tho depth below the sar- is attracted to the rigid surface L use water cannot
face whereas the shock-wav.: phenomenon is not, ex. flow in from that side directly. This explanation does
cept for the surface cutoff. The effect of the depth not, however, indicate why the attractior 6i.iring the
arises because the force which csuses the bubble to contraction phase is larger than the repulpion during
cease its expeaason and go into a contractual phas the expanding phase. 1 ." Thi difference is related to
is the hydrostatic pressure of the water which, of the interaction between the oscillatory motion and the
course, increarn with depth, orerall motion of the bubble similar to the case of the

BUBBLE MioaixTtor Dui To Ganvi'Ty "D intersction between gravity and the radial oscillation.
ErFCTrS o Suuma~cls This interaction causes the displacement of the bubble

The large cavity filled with the burnt gases is nat. to be much more rapid during the contracting phase.

urally influenced by gravity and, in general, will rise DAxAox Dus TO BunDLs PHENOMENA
under this force. The pheaomenon is more corapli. t
cated, however, because there is an interaction between t is eofgena importane t deine whether theupwad moion ue o grvityand l~ebubl~le phenomena are important in causing demage.the upward motion due to gravity and the expansion
and contraction. Hydrodynamic theory predicts and In this connection there are three separate factors

experiment verifies that the most rapid upward mo- which should be considered: (1) the pretsure pulses
when the bubble is in its contractual radiated at each minimum of the gas globe, (2) the

'-ontake. t us eh uoutward radial mass motion of the .rater accompany-.
Phase. When the bubble is expanding, the te o f g b (3) the up-
"motion is relatively slow, because of the large volume ward mass metion of the water reuatind from the up-

of water which must be displaced then. In the con- m a
treating phase, the accumulated momentur,• affects migration of the gas globe.smaller andasmer mae s fcumu ater somnthat the ver- It has been demonstrated theoretically%'" that thesmaller and smaller masses of water so that the ver- pressure pulse radiated by the bubble at its minimum"-

tical velocity becomes very great. This rather com p
plicated phenomenon has a number of important is greatest when the bubble migration is small. Ae.
applications, as will be mentioned later. cording to this result, known as the principle of stabi-

The motion of the bubble is affected not only by lization, underwater mines should be located at the

gravity but also by the presence of free or rigid aur- rest position to obtain the nlmum damage at the
faees.'"..." A free surface causes a net repulsion surface of the water from the bubble pressure pulse.
.of the bubble which under certain favorable ondi- Thus, for a 300-lb charge the mine should be moored

tions may actually overcome the effect of gravity and approximately 14 ft above the sea bed. How'er, pro-
drive the bubble downward. The depth at which the liminary measurements with 800-lb TNT charges at
"gravity rise is balanced by the free surface repulsion this location" indicated the effect to be very much
"is known as the upper "rest" position and is realized less than predicted. Evidence of damage due to the
"only for small charges. A rigid surface, on the other bubble preasure pulse has been provided by photo.
hand, attracts the bubble, on the average, particu graphs, taken with a high-speed moton picture
larly so that the bottom may attract the bubble and camera, of a cylinder being damaged by a small
"under special cases may prevent the rise under £ravy charge." Some of these photographs are reproduced
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Fiouaw 12. Phaotorpap. showimig cylindrica model belag damaged by asplomlon at depth o4 400 (t. Numbers wider
photographs ame theum in • m" ' sd-

in Figure 12. It is to be noted that additional damage at a depth of 20 ft for 300-lb TNT charges'2 and at
to the cylinder takes place shortly after the bubble a depth of 4 ft for %-lb TNT charges.10 Bubble pres-
reaches its minimum sie. The bubble does not migrate aures at these charge depths are at least five times as
perceptibly in these pictures because of the large great 4s those at any other depths. The duration, of
hydrostatic pressure at the depth of ".•e experiment, this pressure pulse is relatively short, and the charge-
In general, however, where an explosion occurs under depth range over which the phenomenon was observed
a target, because the gas bubble will migrate upward was very narrow. No explanation for this behavior
bja" much as 15 ft (for 300 lb of TNT, at aboikt 50-ft can be advanced at this tirue. It has been suggected
depth), the bubble pressure pulse originates at a point that tCie huhl& at these depths intersects the sueface
which is much nearer the target, and thus the damage at its maximum expansion and sucks in air. On re.
due to the bubble pulse may be comparable to that compression, a second chemical reaction may tlke•
caused by the shock ware. This effect has been demon- place giving rise to additional energy. Further inves.
strated on a small scale'".e" by experiments in tigatio,." is needed.
which the damage to diaphragm gauges (see Sec~on Mention was made of the mass motion of the wate:
1.3.2) directly above a charge was severai times aucelerated radially outward as the bubble expands.
greater than the damage to similar gauges at the same It is claimed by German investigators that this radial
distance from the charge but to one aide. mass motion of the water is the most important factor

Of considerable interest is an anomalously high in damaging targets at close range. At greater die- . -:

pressure in the bubble pules which has been observed tancec it is not effective because, due to the spherical
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RESULTS OF UNDERWATER EXPLOSION INVESTICATIONS S3

* symmetry of the system, the kinetie nerSy of the out. sess a considerable upward velocity because at tSe.
towng water falls off as the fourth power of the dis. passage of the shock wave upward and the ,fected
tance. The maximum kinetic energy of the water is shock wave downward. A aimple calculation shows
Teri simply related to the cube root of the period of that if there were no questions of air pressure or air
the bubble oscillation." resistanc• this velocity would sufiae to throw the

In addition to the radia motion of thA water, then water high intothe air, of the order of twice the dome
is also an upward mass motion of the water resulting heighti normally observed. On the other hand, if an
from the migration of the gas -1obs. The upward ml. unbroken fryer were actually peeled off, it could rise
gration, which for 300 lb of TN'T is of the order of only a very few inches under these same conditions
15 ft, occurs during the very short interval of time because of the vacuum underneath it and the pressure
when the bubble is nearer its minimum size. Thus ve. of the atmosphere above it, forcing it down. It seems
locities in excess of 100 fpr may be realized. If one likely that the irregularities always present on the
visualizes a spout of water projected upward with this surface cause this layer to be broken into droplets
velocity and striking a ship, considerable damage almost immediately, so that the atmospheric pressure
might be expected to occur. There is, however, no has access to the underside of the broken layer and
direct evidence at present that actual cases of ship therefore does not influence the phenomenon further.
damage can be attributed to tO.s cause. It is certainly reasonable to assume that air resis.

From the preceding discussion it is apparent that tance is sufficient to account for the discrepancy be-
much more information must be accumulated before tween the observed dome heights and those calculated
it will be possible to aese-s the relative importance of on this very simple basis.the various factors which may cause damage. The ex. The plumes presumably ane masses of water forcedperimental study is complicated by the fact that the up ahead of the rising bubble. It will be remembered

bubble phenomena, due to their independence on gray. that during the contractural phase of the bubble's
ity and the effects of free and rigid surfaces, cannot oscillation, its rise under gravity is very great, so that
be scaled in any simple manner, the water immediately above the bubble can acquire

a considerable upward velocity. Ultimately, the bubble
exloios Surface Phenomena itself will break the surface, adding the burnt gus.

One of the most bpcctacular effects of underwater and possibly solid particles from the reaction to the
explosions is the surface phenomena associated with material thrown upward. Depending upon the exact

. them. If the charge is exploded at a fairly shallow phase of the bubble oscillation at the time of the
depth, a great ,a~a of waster is thrown into the air. The breakthrough, the plunie may be very high and nar-
more careful analyset of these effects show that they row or spread out in a sidewise direction. If the ex-
consist of several parts. If the charge is not too shal. plosion is deep enough so that several oscillations of
low, the first effect which is noticed is the radial the bubble can occur before the gases break the sur-
spreading of a black ring, immediately followed by face, then the bubble pulses can also contribute their
the formation of a "dome" of white spray thrown own spray domes to the picture. It has even been ob-
up off of the water. At a later time, of the order of served that two Geparato domes can occur, presumably
seconds for 3U0-lb charges, high plumes of water duo to the sidewise migration of the bubble on its up-

" "break through the dome and rise to a much greater ward path due to special circumstances. The &st
. height. There may be several separate plume phe- dome, in this case, would come from shock wave and
. nomena. Sometimes these plumes are black, as if they the second one from the first bubble pulse.

contained products of combustion, such ai free carbon. When charges are very deep, of the order of 100
It iscurrently assumed on the basis of very good e-i. ft multiplied by the cube root of the weight in pounds,

*: donee that the first effects are due to the arrival of the obviously visible surface effects, except for the
the shock wave at the surface. This shock wave, as ultimate coming to the surface of the broken-up gas
mentioned above, will be reflected from the free sur- globe, become increasingly difcult to detect. It has

* face as a wave of tension. If one plots the pressures been claimed that this depth is critical and is a inea-
and tensions to be expected beneath the surface as a sure of the strength of the water to resist the te.nsion
fundtion of time, one sees that cavitation should occur wave but it seems mnore likely in the light of other
"at a small depth bentath the boundary, thus eMcen. experiments that, if the surface were rough enough
"tially peeling off e layer of water. This layer will poe- and the phenomenon observed with a high-speed
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32 UNDERWATER EXPLOSIVES AND EXPLOSIONS

camera, there would be some effect at alnost any expansion of the gas bubble and its rise under gravity
depth. The possible absence of an effect with a smooth displaces a considerable volume of water upward,
surface may be due to the inability of the cavitated leading to surface waves spreading out from a point
"-srface layer to break into droplets under these con- above the explosion. It cannot In said that ordinary
ditions. Much more study would be required to settle explosives are very ePfieient producers of such
these points definitely. wxve'-'" the energy going into them being & small

A knowledge of the mechanism of the various sur- frac!ion ct#be chemical energy. N4'everthelesa, it is po.-
face effects is important for a. numbet of indirect ap- sibla with large explosions to p:oduce wavye having
plications, such as the measurement of the shock-wave sufficient height to be useful for certain purpose..
pressure, as will be seen later. It should be stated, The use of pressure-operated mines by the Germaus
however, that the height of the surface plumes and resulted in an extensive investigation of the produc-
other observed phenomenon should not be interpreted tion of surfacc waves by conventional explosip'..
in terms of the power of the explosive or the depth Such waves will cause pressure variations at the bet-
of the charge without very careful consideration of twu which might be regulated so as to activate these
the detailed physics of the phenomenon. Otherwise, mines. A fairly elaborate mathematical theory of theK quite misleading results can be obtained. The use of production of surface waves was developed " -'.'0 " and
surface effects to determine the depth of an under- tested experimentally. 1.'"." The theory was based
water explosion will be discussed in more detail later. on incompressive hydrodynamics and treat-d the ex-

S Underwater Cratering plosion as an ideal source. The effect of the bottom
and of the free surface was taken into account by the

A charge exploded on the ocean bottom will pro- use of image sources and a perturbation treatment.
duce a cra.er the dimensious of which will be a fune- In order to get numerical results, it was assumed that
tion of the size of the charge,'the nature of the explo- the bubble reached a fixed effective volume instantly, i
sive, the depth of the water, and tLie lurdzess of the remained constant during the bubble period, and then
bottom. Not very much quantitative information is collapsed instantly to zero volume. In comparing the
available for predicting underwater craterimfg, but results of the theory with the rather scanty experi-

* some experiments""' indicate that, roughly, a crater mental data, it was found desirable to use an empiri.
of eppro:imately 5.8 cu ft per pound of TNT can be cally determined effective bubble volume, in order to
expected on a sand or mud bcttom. Naturally, a rocky secure a good fit with experiment. More experimental

j or hard bottom 'will give considerably less cratering. data wou)d be necessary in order to determine the
This cratering effect is important practically bccauso limits .f accuracy of this ltheury.
little damage is done to masrZvo underv'ater obstacles It was found that in order to get waves of more
outside of !'ie ertater produced by an explosion. Cra- than a very few inches in amplitude at distauces
+ering is more effective if the explosiv(. is covered by greater than 1,000 ft tremendous cbarges are neccs-
a sufficient depth of water. This is to be expected be- sary. Furthermore, these arc more cfficient if they are
cause otherwise there is a very great loss of cnergy divided into a large number of smaller charges spread
into the air. The scaling laws descrited above seem over a greater area. The reason for this is that the • '
to hold at least approximately for these cratering large lump charge produces a gas bubble whose die-m-
phenomena. It is, jf course, necessary that the sea bed eter is grenter than the depth of the water under msost
be reasonably homogeneous. With this caution in circumstances where these mines would be of interest.
mind, a rough estimaie can be made by assuming that Crnsequently, a tremendous amount of energy is lost
the volume is pi-oportioual to the charge weight and by venting to the atmoppikere, wheresa if the charge
;'he d 'ensions proportional to the cube root of the is divided into a large number of smaller charges each
charge weight under conditions where the depth of of these has a gas bubble which will not immediately
water is likewise proportional to the cube root of the vent. The waves also seem to be larger and it is ra-
charge weight. sonable to expect they would be if the charge is placed

UAS Surface Waves sufficiently deep. "

Another effect of an underwater explosion which 1.240 Comparison of Explosives ..71
is closely related to the surface phenomenon described One of the rpincipal fructions of UERL was the
above is the production of surface water waves. The comparison of different ecplosives for effectiveness In
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RESULTS OF UNDERWATER EXPLOSION INVESTIGATIONS 5.

"" underwater weapons. Tests were also frequently made floats was encountered, in general the &Uanc vinu
* -. to prove that minor changes in compoaition of pro. able to make oue or more shots every day as a matta

- • duction fllings, especially of the desensitizer oompo. of routine.
Sneat, had no detrimental effect on explosive power. The success of this type of work depended entirely

Early in the development of the laboratory, it was upon the quality of the personnel involved and their
realized that production and loading techniques were strict adherence to the necessary precautiona. Experi-
-important fators in determining the wepaom pe- ane on the part al the scientifLi staff danonstrated
formance. It was decided, therefore, to develop instru. that meticulous care in the handling of all typeo ed

* mentation applicable to testing the various weapons gauges was required in order to secure accurate and
at full scale. r reproducible results. The crew of the Reliances wv

For this purpose the 76-ft woo-ea fishing schooner, very conscientious in carrying out instructions me-
S Reliasnce, was equipped as a floating laboratory." ceived froms the scientific staff aud, of course, thereI 1 ecause of its reasonably clear deck space and ade. were always several scientists on board. It vould

quate booms, it has proved very well adapted to han- have been inpossible to do this type of work suc,-es.-
dling the heavy gear required for positioning the fully with a crew which changcd from day to day
charge, gauges, cables, etc., for each shot. Electronic or wbich was not entirely conscientious in performing
equipment for recordirg the piezo gauge signals was its duties. The captain of the Reliance commanded
compactly iretalled in one hold. The other hold servei and coordinated the gear-setting operations, after -.

as a work shop for mechanical gauge maintenance, which the scientific personnel conducted their work.(•' The full-scale service weapons used in moat teats The captain was directly responsible to a research

were loaded at the Naval Mine Depot, Yorktown, aupe.-viwor in charge of the Relince program,
Virginia. When the pilot loading unit at Yorktown A considerable number of different explosives were
.was completc, mand placed Jr. charge of special officers, compared.""' The quantities ineasured were the peak

' •. mit became possible to get very detailed data on the Ipce.aure, impulse, and energy flux in the sho"- wave
individual test WOelens This was found to be eases, as given by the piezoelectric gauges, the relative peak "

tial to the proper intepre*ation of the Relianc preuare as estimated from the mechanical gauges
measurements and the relative impulse as estimated with the piston-

,The tests were usually gunduted in Vineyard typemomentumgauges. Table 3 shows the average re-S~Sound, where water of about 80-ft depth is available

in several area&. The charge und gauges were mt over. T.ktL 3. P, aults of exploalve comparoa~ relative to
board by the Reliance crew so as to be strur.g out at TT for constant volume of expl&-ive.__________

known distances apart at a uniform depth, usually D1 narty rrcizure Imnpult s ,Entray
40 ft. This was accomplished by use of a sea anchor Erposive (i/em') ratio ratLe ratic
applying tension to the gauge line, which was s-p- Torpex-2 1.71 1.16 . 1.53

:HRX 1.66 1.13 1.26 1.46
Sported at appropriate places by surface floats, the !.6ol.5 1.64 1.01 1.25 1.40

Reliance being headed into the tidal current. Tritoana 1.70 1.05 1.18 1.19
A typical layout, as shown in Figure 13, contained M 1.60 .10 1.08 (1.00to t *. TNT 1,~5 (1.00) (1.00) (1.00) *'

up to ejeht tourmaline piezoelectric gauges at various. 1,
distances from the charge, each with its own electrio t ' ' pU lap
cable to the vessel. In addition, a large number of ball suits of these explosive comparisons. In most cases,
crushcr gauges and smeller numbers of Modugno and there numbers are averages over a fairly large number
diaphragm gauges (see Section 1.4) were mounted of di"ferent types of service weapons such as the Mark
along the main' spacer cable. Several piston-type 6 depth charge, Mark 54 depth bomb and the Mark 13
momentum gauges were also used. The charge was serial mine, The ratios of peak pressure are probably

""-fired with an electric cable when all the gear had been correct to 2 or 3 per cent. 'rhe various measurements
put in position. The explosion would sever the gear on each different explosive have been reduced to a
into two portions (see Figure 13), the sternmost per. common density for that explosive, since the perform.
tion being cut loose from the vessel. After retrieving ance is a function of density of loading. The outstead.
the forward portion of the gear, the Reliance then ing result of thcse investigations is the establishment

Sturned and picked up. the rear set of buoys, gauges, of the importance of aluminum as a constituent of
etc. Althougli occasional trouble due to da nage of military explosives. This fact was well appreciated
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and utilised by both the Germans and the British" It may well be asked whether a 16 per cent improve.
quits early in the war. Arguments w& the basis of ment in pes~k pressue is worth striving for. Tie Lr
oxygen balance give very misleading results. For ex. portance of this 16 per cent improvement Dray be
ample, TNT is oxygen deficient from this viewpoint. made more striking by considering the volume within
so that the addition of aluminum to TNT makes the which the peak pressure exceeds a certain ,;minm-
oxygen balanee very much worse. Nevertheless, this amount. This volume will be approximately 60 per
addition I vreses the peormance of TNT. The r- cent greater for the explosive which bas 16 per amt
son for tws is the very great energy release when higher peak pressure at equal distances. To achieve
aluminum combines with oxygen. This energy Is so such an improvement is worth a considerable effort
large that it is advantageous to rob the carbon of frnm a miitary vlewpoint.
oxygen and give this oxygeu to the aluminum* even The testing p.rocedures described above were exten-
when there is not euough oxygen to convert all the aively used during World War 1i at KTi, Pw, the
carbon to carbon diAide, There seems to be no good results were in part responmibl for the ext wsive u"
evidence that the wate- is involved appreciably in the of torpei and HBX as aircraft depth-bomb fillings.
reaction as has been sometimes suggested. The poe- In attacks against submarines the important factor
sibility of the reaction of water during an explosion in explosive effectiveness is the range at which the
could conceivably be settled by making especially weapon is capable of disabling or sinking the sub.
smooth spherical charges and comparing their power marine. For 250 lb of torpex. the range for ,inking
with charges having rough surfaces. When the surface appears to have been 20 ft or more in attacks against
is smooth, the gas globe also is very smooth, whereas, most types of submarine encountered. Comparison of
with a rough charge surface there is some tendency shock-wave parameters at 20 and 30 ft thus provides
for Munroe jet action to reproduce irregularities in a reasonable basis for a-essing explosive effectivenes"
the gas globe. With a smooth gas globe, it is very hard for this purplo
to see how sufficient mixing could take place for the On the other hand, there is a certain amount of
water to mntor the reaction to any great extent. evidence that only about half as mnch torpex as TNT

Torpex was the most powerfal of the explosives is required to produce equivalent damage i,. the caen
I actually used in any appreciable quantity. Howeva, of contact explosions. As discussed in Section 1.2.6,

It is probably somewhat more sensitive than is desir. this would seem to support the view that the mass
able in a military explosive. For this reason, following flow of water against the target was the important

. certain Britiah work, HBX was developed by the factor for damage close to the charge. The ezergy
Bureau of Ordnance in cooparatiun with Divisions 8 available by this mechanism is related to the gas
and 2 of N'DRC. HBX consisted es3entially of torpex bubble energy which in turn is proportional to the
with 5 per cent of a desensitizer added (ace Table 1). cube of the bubble period. In fact, most Ge:rman com.

Unfortunately, no general agreement has been parisona of explosives were based upon relative bubble
reached as to whether it is peak pressure, impulse period measurements. Since, on an equal-volume
eaergy, or bubble energy which is tie determining basis, the bubble period for torpex i' 1.22 times that
property of an underwater explosion for producing of TNT, the effectiveness of torpox in, for example,
damage. Consequently, there is the possibility that a contact torpedo war head, would be estimated to be
two explosives might be tested, one of which was supe. about 1.8 times that of TNT. The preeremce on the
rior in one respect and another in auother respect. On part of most American submarine commanders fov
the basis of present information, it would be difficult torpex war heads can Be readily unP rstood on the basis
to make a decision between such a pair of explosives, of this difference.
Fortunately, no such dilemma arose with the materials. it is Interesting to note that the i-adically different
which were under coasideration during the war. In German and American piocedu'res lor comperison of
most cases, the more powerful explosive as rated by explosives were probably valid aua justified cosl.er..
one quality also ranks higher in all of the other Ing the prime use with which each side was conerned.
qualities at the same time. This is not necessarily true. Tba Germans were concerned with contact or ncar-
and evidence of deviations from this rule are seen in contact weapons for use againt shipping and the
the table. Americans with maximum lethal-range depth bombs

It will be noted that ratios of peak pressures for the for use against submarines.
commonly used explosives range up to about 1.16. Bubtle period measurements were made at UERL"
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S6 UNDERWATER KXPLOSIVES AND EXPLOSIONS

on small scale (4-lb) charges of tetryl, TNT, and not a safe procedure and that unknown forces of vsH.
tor,*ex and on large scale (2501-b) charges of TNT ation are very likely to appear, even with test methods
and minol. Tm results were not, however, considered which have been highly developed and long used. FoP
in connection with explosive comapaisons.. example, at UERL the diaphragr gauges mentioned

above were developed qnite early to a state of high
Importance of the Use of reproducibility. After several inontha? use of this

Statistcal Methada gauge, a sudden s in values occurred which proved
very difficult to locate. A loag search locatde tdn

The problem of comperison of explosives discussed trouble u due to a change in the grade of lumber
above is an illustration of a type of situation often supplied for making the frames to hold the gauges.
encountered where statistical analysis of experimental As a rcsult of this experience, controls were rigidly
data is highly important. In many basic measure ruired thereater in all tests.
ments, experiments can be performed with such p- A secouad basic principle is that the controls and,
Ciiou that little consideration of statistical queationa the test specimens should be measured under u nearly-
is necessary, but often in practical problenus especial- identical conditions as possible. This normally in-
ly in the comparison of explosives, all measurement vlves testing them at close intervals of time, bee
cannot be performed with as high a degree of accuracy it is very difffclt to reproduce, after a long interval,
as would be desirable. This i: due to the fact that it all the conditionm which initially existed. It waa, there-
may be difficult to recognize and control all the f fore, a standard practice at UERL to teat explosives
tors which might influence fhb measurements. In de. in strings. That is, a number of different explosives,
-tiding whether a new type of explaive is really supe. i•cluding TNT as a standard, were tested either the
nior to older types, one should bur in mind that semr. sae day or on succesive days with the mame equip-vice weapqna loaded by normal procedures are not
asicute y u~nfloraded by ormaleprc edure s are Dotmpe, met and methods. Furthermore, the order in which
absolutely uniform and reprow1ucib~e. For example. the different materials wore fired was chosen by'lot
the weight, density, and quality of the cast explosive so as to minimize any possible effect of systematic
is noticeably: variable. Therefore, it is obviously dau. changes of various variables with time. For example,
gerous to bose decisions on the measurements of a it every day the explosives in a string had been fired
small number of charges. Furthermore, even when a in the same order, it might have been possible for a
o sufficient number of experiments have been carried systematic error to enter because the temperature was
tout, a careful statistical treatment of tho data is do- always colder the first thing in the morning than later.
airable in order to determine the degree of confidence Because the accuracy of the measurements and the - -

which can be associated with the results. There are a reproducihility of cbarges were not sufficient to make
number of basic principles which are applicable t one measurtment of each substance adequate, the
the problem of explosive evaluation."M strings were repeated a number of times, in each of

The first principle is that controls should always which the order was chosen independently by lot.
be used. That is to say, in any series of experiments The number of strings required was calculated in
in which new materials or new methods are being advance by standad statistical i,.thods on the basis
tested, there should be an ample number of teats on of the expected prdeision of the individual measure-
standard materials or methods. Thus, in testing ex. mania and the desired overall accuracy.
plosives at UEIL, charges of TNT were always in. a
chuded in each series, so that any variation of the test In carrying out these repetitions to the strings,

conditions, duo to any cause whatsoever, which might another principle was employed. Since the conditions
change the absolute level of the pressures, impulses, under which explosives are used in practice are ex-

etc., would at least largely cancel because ratios of tremely variable, it is not sufficient to make tests

these quantities to the corresponding quantities for under only one et of condtions. Thus it was at least
TNT were always employed. In many cases the per. conceivable in advance of the experiments that the
sons responsible for instrumentation may feel highly relative merit of two explosives might be a function
confident that they have brought under control all the of the distance from the charge, the asiz or shape of "
variables which influence the result appreciably and the charge, etc. Since it was desired to obtain an over-
that it is, therefore, unnecessary to employ controls. all answer to the question of how much better an
Experience has almost universally shown that this is explosive X is than TNT, the experiments had to be

CONFIDENTIAL

L .. . - , "....,.

..................... + ........ .-'•

-- .hdl . "



L1M3 OF UKDUVATEU WXLOSILN INVESTICAJM.' -

7performed ovea a range of conditions.. Therefore in- aible for the various explosive coiupositon4small
soafr ait was feasible, each string nwamasured wenrr in the a"slute calibrations tended to esnceL
Vnder somewhat different conditions although, of Nievethelesa, considerable effort was expended to per.
course, every shot inside a given string was carried fact the instrumentation so as to yield absolute values
out under the same conditions. From striag to string, of the shock-wave parametere because of their Im-
some vsriable was changed whIch was not expected portance in studies of damage processes.
fa cause WY shift kn thes relalv* effectIvaenes at the Plgures 14, 11, and 1f give the peua* pressr. to
explobive. By proceeding to this wsy h was possibl puds.% and energy flux respectively for c~arges at
to determine the effect of such variables. The ratios
of explosive performance obtained in the different
strings could stil beaveraged together to get an
o-eraf average ratio applicable to the range of con-
ditiona employed. The average would be more accurate
and reliable Voan the recults of any individual string.

A fourth principle was to chooseeby lot theYalu"s--
of any presumably unimportant 'variables which could It
not bo controlled f rom measurement to measurement.
For example, in using the diaphragm gauges, the atel a 3

plates could be used only once and the plates asre
ceived from the manufacturer might have been at-
ranged in anorder leading to asystematicavariation of-----
thickness or strength from one plate to the next. The
plates of each lot were thoroughly shuffled so that
any accidental, variations would enter the results as------
random error and not as a 3prteizato errortending
to falsify the conclusions..

Every effort was mads to avolil suibjective errors.
Frequently1 the explosive being tested was identified *%,, Ah~
ouly by number, so that those carrying out the tests .~ ~ ~~ W/ o pelu

adanalyzing the results would not kn~ow the iden- -__*M

tity of the materials. Thus there was little chance of _

the subconscious influence of prejudice on the answer. TNT as functions of WIVR. Over the range of
The frequency with which prejudice unintoutionally these measurements, the shock-wave parameters are
influences the results of scientific experiments is not represented with fair accuracy by the following linear
it-fficiently appreciated. equations i.1

Conslde"i~ole attention was paid to the estimation Peak pressure P = 2.12 x 10' ..Y pal,
* of experimental errors from the data itself. Gaugu

were normally used in pairs, 6o that tho differences1=siec
between member. of a pair when avernged over many I~~lS L6I**f~
experime"nts would give a good estimate of the Mill flxt=24 o wi/ I psi4In
ability of a gauge. In this way, a decision could b Ee rg
made on the buis of a standard statistical argument whiere WI/ft Is erpreased in lbl/ft. Impulse and energy
as to whether a given observed difference between Wei flux are calculated to the time i = 6.70 sac only, i.e.,
erplofIlves was likely to be real or merely the result 6.7 times the time constant of tho shock wave. The
of experimental error. energy factor given here is calculated on the acoustic

2.2.1 Absolute Values of Shock-Ways prxmto
Parameters 1iý L Pl

Since the explosive comparison experiments mere Atf7
*so designed that ratios wera obtainable from identical where p is the density and c the velocity of found

gauges under conditions as nearly the same as poe- for saf water.
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This true energy A ux would Include terms for the to detiumne the aocimcy of this method.
finIt* amplitude *Fectm and for the mess niation of L. A secornd dmek which has the advantage of sin.
the wate'r radially outward from the charge surf~ace plicity was provided by the measurement of the luloa.
(wee Section 1.2.6). At the distances from the charge ity of rise of the upray dome from the surface above
over which theme equations are intended to apply. an explosion. The pressure P at any point In the

watr I rdtedto hepropagation velocity of the
shoI va 17aidtep artclevdoit u iqthe
simple eqatle

where p is the density of the water. Vaiues of the

00,approximation 9 = V/if where V bi the vewoity ot
5'- rise of the spray dome. The facto: z ruters becuse

6c 14 .- 5000- -*1

- -- 4000

P emV I&.s~ Plot of 1/ veuua IA fo OCero

ouatTNT. - -

neglect of tht. fatctors does not seriouasly Invalidate
the results. Experimental data is not yet available jr 10
which would maske posaible the evaluation of the total so - -
energy flux over a complete bubble expwasion. GC

Procedures employed to overcome various diffloul. -

4 ~~ties onoou.ntered in attempts to establis the absolute
lovel of thi piezoelectric results are described in Soo. a 30-
tion 1.4.1. By the end of Wohrld War 11 it was bet. ir SC
lieved that the controlling factor In limiting the pre.
cislon of the absolute values was the diffculIty of ob.
taining precise determinations of the plezoeloctrio
constant of the tourmnaline gauges. In principle, this
calibrat!'on should bo carried out under conditions
closely approximuating those in the shock wave being 4
measured. Since a calibration of this type Is extreme.
ly difficult to accomplish, several independent methods
of estimating shock-wave pea'*? pressures were em.
ployed to test the reliability of the piezoelectric
results.

1. For four shots in which It was used, the optical .03A04 06.0AS1A .30 .30 A* A .60.0 kO
distortion method described in -Section 1.4.3 gave
pressures which were approximately 10 per ocnt Wa/It IN L5 AFT
greater than those measured by the piezoelectric Flavw I& Plo of R/W1 .2W W1/R for spet
gauges. Unfortunately, sufficient work was not done oust TNT.

Q. .
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the rascte& rarefaction vave doubles the upward when the peak pressure is high lut approaches the
vdocit) of the spray. The latter was measured by velocity of sound as the peak pressure durease. Th
weans of a high-speed str-ak camera."" Table 4 mathematical relationship is based on the laws ot
shows a comparison of the pressures obtained by this conaservation of matter, conservation of momentum,
method with the cortesponding piesoelectric gauge and conservation of energy. The resulting equations
values. are known as the Rankine-Hugoniot relationfs. A-•"

T~I 4 mrplication of these relations requirM in addition, .-
-- plftt PU MAMUMMO ta Imowledge of the effect of temperzture and p mosaur.

TNT on the density of water (or sea water).
Charge- Distance Pressure (pWt) Figure 17 shows the ranults of & cilculation foe
weight to charg By dome By •IaCs. sea water of the relation between the excess shock .

(0b) (ft) velocity electric gauge velocity (I.e,, shock velocity minus sound velocity>
5.0? too0 ,680 1.,00 an4 the shock wave pressure."" This relationship5.52 4.00 $Un 8.100 enters into any theoretical calculations on shock-wave

8. The ball crusher gauge. aeocribed in Section propagation and also hu direct practical appUlctions.
1.4.2, provided a further check on the absolute- In Scction 1.2.12 it is mentioned that measurements
pressure level of the piezoelectric gauges. Pressurca of shock-v. .vo velocity, combined with the above law,
obtained with the ball crusher gauge on 300-lb chsrges were investigated as a possible independent check on
were in agreement with tlio piezoelectric gaugo value. other methods for measuring the absolute value of
to within :0 per cent. the shock-wave pressure. In any measurements involv.

4. Only a very ruugh check was made by mesurc, ing times of propagation, such su in depth ranging
ment of the propagation velocity of the shock wave (So-.tion 1.4.5), this excess velocity must be con.
U. From the Rankine-Hugoniot conditiops (oe See- saidered if the pressure is considerably greater than lilt-
tion 1.2.13) and an equation of state for water,"." acoustic levels. L •
the following approximate relation valid to a pressure TaxoRwrICAL CACA TIoN of Suo0K-WAv'
of approximately 20,000 psi may be dori'vcdP.

U--0 It proved to be possible to predict by purely thea---- = ( 10 l-4)P
(P retical methods the peak premure and other shock-

The pressure Is thus directly dependent on the quan. wvave parameters as functions of dis~auce from charges
tity U-c which, except at very high preuures, is of various explosire. Work carried out under Div.-
small and therefore difficult to measure experimentally 'ion 8,8.' yielded estimate, of the pressure within the
with the required accuracy. explosive charge itself at the instant of complete do-

5. An additional check on the calibration of the tonation. As ati approximation it was usually assumed
piezocletric gauges was due to the reciprocity calibra- that the pressure inside was the umie throughout a
tion method developed et the Underwater Bound Itf- spherical charge and that the burnt gages were at ij
cronce Laboratory CUSRL] of Division 6, NDRC." rest at that instant, although actually it was known

Some tourmaline gauges of the typo used for the that the mechanism was more complicated. With this
underwater explosion measurements were calibrated starting point, it is a purely hydrodyziaui=cI prob-
by thUs method and gave valus in good agreement lem, but a very difficult one, to calculate the events
with those obtained by thi usual static calibration which occur in the surrounding water as the pressure
methods. watve Is emitted.

The equation of continuity (conservation of mat- .
U13 Theoretical Studies of Shock-Wave ter) and the equation of motion (conservation of

and Intensity momentum) supply i sot cf differential equations for
the motion of the water which, in principle, dctermine

RaLATION BETWES P.AX PnESSURE AND VFLOCITT the events accompanying expauslon of the exploion
of PnROr.ATION Oil SUOCK W.VES products once the boundary conditions are specified.-

The velocity of propagation of a shock wave depcnds The boundary conditions are given on the one hand
upon its peak pressure in a way that can be calculated. by semiempirlcal relations describing the way in
This velocity is higher than the velocity of sound which the pressure of the burnt gags falls off as the
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Fiouz' 17. Curve showing dependencs of propagation velocity nid particle velocity on prMure of shook wave.

gas bubble expands,4 ''" and on the other lha'nd by the for a few explosives are listed in Table 6. These values
Hugoniot relations between the shock-frout pressure are to be compared with the correspciding expert.

and velocity. It ha not yet proven feasible, however, mental ratios shown in Table 3. The theoretiea values
to solve differential equations exactly for this problem"

One procedure which was used to get an answer TAaL- 5. Theoraetlly oompW uex .pl •v. ratios
for une case (TNT) was numerical int--ation.gl. tot neustadt volume compario eltive to NT."
This led to reasonably good results but was so ewee- Peakllili Toroax~~l Exp~oatvo" l~nttty 1.70 pressure raio.0 mpulsraie11 Energy tteLl .-

sively laborious that it was not applied to otlier nate- E ee sure riopls r,

rials or to other densities of TNT. Torpdx.2 1.70 1.10 1,14 1'"
An approximate solution was found at Cornell Uni- 1I0uo*1 1.06 1.05 1.11 11•1

"versity which was renm kably succesafu'l1. 4 In that RDX.Comp..B 1.01 1.06 1.01 1.13
solutiuu, the pressure, etc., inside the explosion were Amatal 1.55 0A. 0.o2 O.AT

TNT 1.53 (1.00) (1.00) (1.00)
obtained from a theoretical treatment involving nu. -_

merous approximatiou,, and the solution of the hydro-. ' F o , O @ , .. L

dynamic problem of the propagated pressure wave nec. are somewhat lower than experiment but they do give
easarily required certain compromises with rigor.Whet.. the correct order of merit of the differint explosives.
these simplifications were made a complicated but Later a different type of approximau,n .tax used
tractable solution of the differential equations wu which also enabled the peak presiure and impulse to

"obtained, and applied to a considerable list of explo- be calculated as functiuns of distance and ch•arge
"Ilves at several loadinig densities."O The results in weight.614h In this treahnent, certain measured pars-

*, terms of explosive comparisou ratios relativo to TNT meters of the shock wave at a given distance could be
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DAMACE PRODUCED BY UNDERWATER XPWSO " 4

used to compute the shock-wave paramneters at other searchs for error& and efects whic otherwise might
distanem hance the deacriptlon of this theoy " a At have beenasggateL
propagation theory. This method was conside a
simpler than tht earlier procedure and had the avanu- LA DAMAGE PRODUCED BY
tp of being applicable to shock waves Li sit as wall UNDERWATER EXPWS•nNS

water. (Ea Chatez L3O
Figure18 shows a omparison o th@ k • R General ofnal tm t Pak

w.nus distance curev fox TINT for thA theaortiol
"caculations end for some measurements with plezo The problem of predicting the damage to a gives
gauges at UNRL The agreement is really quite re- structure which will be caused by an underwater ex-
markable for so complicated a phenomenon. As a plosion is very difficult and has not yet been fully
matter of fact, during the period in which the piezo solved. In priuciple, the problem is nothing -";
gauges wer still in a development stage at UERL than the application of Newton's laws of motion and
the calculated results were usually the values utilized of the resisting properties of the material. The dif- "-
since they were regarded as more reliable than any culties arise from the complexity of the system d'
experimental values then available, forces acting on an element of the structure " it hia

The theoretical investigations at Cornell involved being deformed by the explosion. Usually the complete.
very difficult and absetract mathematical methods and expression of these forces is not known or the solu-
it was not at ali certain at the time they were under- tion of the resulting equations is not feasible. When.
taken that they would lead to results of any practical simplifying approximatiom are made to render the
value. Asa matter of fact, the investigationa proved problem tractable, some uncertainty Is introdued as
to be extremely useful, not only because of the direct to the confidence with which one ca apply the theo.
applieations of the numerical values of pressures, etc., retical results to the interpretation of experiment& L
but because the theory served as a guide and framea on an actual structure. In view of the difficult nature
work for the experimental work at UERL. There was of the problem, it is not surprising that reasonably
constant competition between the experimental and complete theory is available for only certain simpl%
theoretical workers in seeking thb ultimate answers,* idealized target structiures such as, for example, a
and discrepancies which sometimea appeared lead to circular steel diaphragm having its edge rigidly sup-

to
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"ported.In the can of ahl .'retures itiseven difficult pared with the timo of impact ot the bullet and'me:.:.,:""to state which importies he 'l explosion are the os t_..h-us measures the total foPulse transfer-red by the

important in producing •L•p in a given case. It .' bullet to the pendulum. Y'irthermore, one can treat
conceivable that unier certain conditions the damage. the reflection of the wave as if the target were rigid,
determining factor could be shock.wave peak pros. so that the pressure and likewis the impuls Vre ases.
"sure, impulse or energy, the prope.es of the bubble illy doubled bh this reflection. The quesion as I &
pulses) or the hoompmrm•e Sow of the water acrel- whether or not damage takes place thou bcomnes a
ated with bubble motion. Neveartheles4 certain con. problem of calculating whether the target Is caPal.S
eapts of the damage theories at least define the limita. of absorbing the given amount of impulse without
tions on possible hypotheses concerning the nature sAffering permanent deformation. As a simple illus.
of the damage process. tration, consider a completely free, air-backed plate

The theories so far dwavloped are primarily appli. upon which a shock wave impings perpendicularly.
, cable to noncontact explosions, for example, a depth If the plate has the mass N and the impulse in the

bomb exploded near a submerged submarine or a shock wave has the -alue , the plate acquires a me-
large aerial bomb exploded in the water at a distance mentum le 2 21, where v is the velocity acquired
from a merchant vessel but near enough to produce by the plate and the factor 3 occurs because of thi
serious dsmage. Under these conditions, especially reflection of the shock wave.
where the charge is at the same level as the target On the other hand, the damage process is different
and not underneath it, the kinetic enorgy effects duo when the target plate is so light that its inertia does
to the incompresaive flow of the water cau probably not prevent appreciable motion during the time of

be Ignored, since, as pointed out in Section 1.2.6. passage of the shock wave. In the limit when the
these effects fall off as the fourth power of the dis. plate is so light that it accelei.ites rapidly compared
tance, whereas the energy transported by the shock with the duration of the thock wave one might expect
wave falls off only as the second poi.er of the distance. that the puak pressure would be the important damage
For charges at a distance f: Lm a target, the double deteruining factor. If the possibility of cavitation is
pulses are probably not important. Tn many case:,, ign. "--d this would follow because the damage would
the explosion occurs too near the surface for these be over before the pressure in the shock wave had
pulses to develop because venting occurs first. Iu other fallen appreciably below its peak value. Under these
cases, such as in a deep attack on a submarine, bubble conditions the ultimate duratict. of the shock wave
pulse! might have to be considered, especially if the would have no important bearing on the extent of
charge detonates underneath the target. This is a the damage. This extreme situation is the sort that
subject which needs further investigation, would be expected with a very large explosion, such

The subject is particularly confused for contact or as an atomic bomb. Here, the full duration of the
-.ear-coutact explosions. Under these circumstances, wave is longer than the period of moat target struc-
the shock-wave phenomena and flow phenomena occur tures so that the damage is measured by the peak
almost simultaneously and the target, if close enough pressure and not by the impulbe or duration.
to the charge, will be subjected to quite a high pres- Emc'r oi CxvrrLTIO"
sure from the gas bubble itself. 

'

Under certain circumstances cavitation can occur.
EnzzcT or T.uioET ImmTJJ This greatly complicates the treatme4t of the damage

When a shock wave strikes a target of large area problem. When the target accelerates under the action
so that the effects of the edges do not need to be con- of the shock-wave pressure, its motion forward tends
aidered, a number of possibilities exist. If the target to reduce the pressure in the water. If the target is
is quite massive so that its inertia is large and the light enough, this effect can be so pronounced as to

" time required for it to accelerate appreciably is large cause the pressure to'fall very rapidly below sero to
compared to the duration of the shock wave, the im- negative values. In other words, the plate acquires
pulse of the wave will be completely absorbed by the sufficiently great velocity actually to pull away from
target, and impulse will then be the deciding factor the water or to chuse the water to pull away from it-
in determining the exteut of damage. This is similar self, resulting in the formation of cavitation bubbles.
to the experiment in which a bullet strikes a ballistic Figure 11 .(see Section 1.2.5) shows such cavitation
pendulum. The period of the pendulum is long com- it front of a thdi, air-backed free plate accelerated by
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a s*ock wave. A theory has been developed to take of the optimum weapon eis to bema .. Thus, it
into account this pharnonio in the simple idealized peak prewsa. is determining, the lethal radlus"-
ease of a deformable diaphragm with supported edges, be proportional to the cube rcot of the charge we4i
The net result of this theory is that the energy of the on the basis of the similarity law; whereas, if impulse
shock wave becomes trapped between the target plate is effective, the lethal radius will increase approxi. P
and the receding laye of cavitation bubbles. This inately as the two-thirds power of the weight. Finally,
Lay= recedes because the plastie deformatiko . the with the square root of the energy, the lethal radive
moving pb1te absorb@ its kinetle energy end thus ar- would increase approximately as the square root of
rests itu forrd motion. When this happens the the weight, that is, intermediate between the peak
water which is moving forward piles up against the pressure and impulse cases. Since, In practice, one
plate and the pressure once more rises to positive never gets either the pure peak pressure or the pure .
values so that the cavities begin to collapse. This impulse cases but something intermediate, the square
boundary between solid water and cavitated water root law is normally not a bad approximation. Giventhen recedes away from the target plate. Th•e mathe.- the proper law to apply, one could calculate the op. !"

matics leads to the predictions that, under these cir. timum weapon size using knowledge of the modes of
cumstances, it will be the square root ol the energy attack and the geometry ef the target. Thus, it -uld'u
of the shock wave which is the determining factor for turn out, with a very small target, that the important
damage. factor was the lethal volume, that is the volume

around the explosion within which the target would
be damaged. This lethal volume would vary as the

The damage process for all actual case Is sompli. cube of the lethal radius and, therefore, as the %
cated by edge effects. A real target Is not of infinite power of the weight if the square root law applied.
extent, so that the phenomena occurring around the Under these conditions, the probability of damage
edges of the target will Influence the r.henomenon at would increase more rapidly than the weight of the
the center. A finite time is required for any 4litu4l- charge and would thus favor large charges. However,
ance to be piupagated through either the sea water as the charge weight increases to large values, the
medium or the target structure so thare will be a time increase in the time constant of the shock-wave decay
factor in the influence of edge effects, but they will would cause the damage-dstance exponent to decrease
eventually act to Influence the phenomena at any part toward the peak pressure-distance decay exponent
of the structure. Thus, if the target is of small diam. which would ultimately make the lethal volume pro.
eter, cavitatiou may never get started because the m- portional to charge weight. The lethal volume crite.
duction in pressure at the center caused by the for- rion is certainly not the proper one to use in all cases.
ward motion of the target plate may be eliminated For example, if the depth of the target is known and
by the flow of pressure in from the high-pressure re- the depth of the explosion can be accurately set, lethal
gions around the plate. This diffraction effect was -iea would be a more appropriate criterion. The prob. . b".
used to predict quantitatively the conditions uudcr lem if thus complicated but should be soluble if the •
which cavitation will occur."8 " The predictions so conditions are known in detail.
obtained were successfully borne out by underwater
photographic Investigation of cavitation phenomeIna, 1.•2 Explosive Damage to Steel Plates
(See Section 1.4.3.) Although it should be clear fwoin the ".bove par&.

RELATION OF S•EOC-WIVINl pI.LriUL To D-.x.oa graph that the state of knowledge cowi-tuing damage
It is seen from the above discussion that peak pres. to structures in general from underwater explosions

sure, the square root of energy, or impulse may each is Dnt in a satisfai.tory state at the preoent time, never.
in its own domain be the determining criterion of theless, simple idealix.ed systems ha% been effectively
damage. In all real cases, the mechanism will be some studied both experimentally and thoretically and pro-
combination of these idealized ones. It is unfortunate vide a useful basis for further work. The simplest of
that no more definite answer to this question has yet these systems is the free sir-bsckod plate. Some ex.
been made which is applicable to practical situations, periments have been performed on this type of system
because a knowledge of -.:hich of the characteristics especially with the aid of underwater photography.u'
is the Important one would enable a determination Complications hero are the edge effects and the plo-
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44 ~UNDERWATER EXPLOIUM AND ELOS!O?4S

ductian of cavitation wkder certain conditions, so, that been the sole factor, t1~o ratio would be approximately
even this very simple system has not beea fully treaed two-thirds as calculated from the known dependence
theoretically. of impulse on weight ani distance. For small charges

Another simple system which has been treated is (about 5 lb), the exponents found with the diaphragm p
the- ball crusher gauge in which a copper sphere is gauges were 0.6 and 1.3 for weight and distance We
damAged by the pressure wave accelerating a pis"n spectively. The ratio of approximately oue-.'alf shows %..-
T1`-P is discussd lin Seetiom L&L that in this region of charge weight the diaphragm

gauge is measuring something between impulse and
CIRCLAR9YKL IBRAOI ZUlW~Upeak pressure.

The UMR diaphragm gauge described in Section Experimen~ts were performed in which the time re-
1.4.2 which consists of a c'amped air-backed steel dia. quired for the diaphragm to receive its full depression
phtragm has been axtensively studied both theoreti. was measured by means of an electric contact fitted
eafly and experimentally with quite satisfactory re- into the gauge." The experiments showed that, the
suits. lI the caurs of its wse as an empirical m~easure time was about 150 onec, much shorter than the first
of the effectiveness of various explogiVeg. 1 1*66 a bubble period, unless the gaugo was mounted above
large amount of experimental data was obtained with a small charge. Consequently, the great bulk of the
a great variety of charge -weights and distances. in data obtained with these instruments as employed at
addition, a number of special experiments were made UERL for explosive comparisons (i.e., gauge hori-
on this gauge from the viewpoint of testing the ap. zental to side of charge) was not influenced by bubble
plicability of theoretical results. pulses. This was further demonstrated by the time of

It was found, for example, that when the charge action of the gauge as determined approximately front
size was of the order of 300 lb or larger, the ratios of experiments in which the depth of submergence of the-
diaphragm. gauge readings for various explosives wore gauge and charge was varied.""'1 As the two were I
very closely proportional to the peak-pressure ratios brought closer to the surface, a critical depth was
from these explosives as measured piezoelectrically. reached at which the damage began to decrease with
However, ther~a woe empirical evidence that even with closer. approach to the surface. T1he explanation of this
charges of Q&~i site the diaphragm gauge was not act- decrease is that the shock wave reaching the dia.
ing wt a pure peak~pressure gauge; that is, ita red pliragm i3 cut off by the rarefraction comning fromo the
ings were soniewbaet influenced by thro rate of decay surface. The time at which the pressure wave is thus
of the pressure pulse To explore Othis point, the data cut off can be calculated from the geometry of the
were analyzEd to determine the effect of weight and setup so that the depth at which the falling onf in
distauce on the damiage to the diaphragm. It was damage begins will give the maximurn duration of
found that over short ranges of weight and distance, the shock wave which is effective in causing damage.
the central ind-cntation S of the diaphragm could be This time turned out to be of the order of 200 p~sc
expressed as a simple function of the weight W and for charges of a few pounds, in rough agreement with
distance R, i.e., the value of 150 jLsec obtained in experiments using

cw~ the electric contact procedure. As mentioned in Sec-
8 -D tion 1.4.3, it was found by photographio experiment.

that cavitation diet not occur with these gauges under
where C is an empirical constant related to tha gauge normal test conditions, although conditions could y
properties and m and n are cempirical constants. Using devrised wh~ichi would result in cavitation.
this formula, one can investigate the relation between When waier-backed instead of air-backcd dis.
weight and distance which produces a given constant phragmts are damaged, the deformation is consider-
damage. If peak pre~sure were the only factor influene- auily less. This reduction is priman!'y due to the *

ing the result, the similarity law would show that the inertial reeistance of the waier which must be accel-
distance for a given degree of damage should vary as crated by the deformiing plate.
the cube root of its weight. In other words, the ratio Exp'3nimentij wera performed on the influence of :
of the weight exponent to the distance exponent diuphragm thickness and diaphragm weight in order a
should be one-t.itird. For large charges, the actual ti, compare with the theory discussed below.
value was 0.4, showing that peak pressure was not the Experiments were also carried out which showed
only factor influencing th~e recults. If impala. bud the influence of pieceit of wood near the diaphragm
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gaue to be very marked, so that wooden structures concerning the reliab6lity of this method of lnve•sL.
should be avoide, in using thes or other unerwater gation and it cannot be said that the isue with ms.
pmsure g404814 spect to explosion phenormena is completely clarified.
Thaoazrzoca.L CaLcUlm or 0 Iowever, a great deal more is understood now regard-
Tiz~mA CAw~o j u ing the requirement& for Ltue scaling than was known

* A nusuber of theo al treatmeuts of ar- at the beginning of World War IL At that tim% for
iApbgnzum werofteorcad l tremn ts W or ar example, the phenomenon of bubble scillations wasdiaprap•were,--d • Wrld ar I,''• not at all wall knowsL Furthermore. the efo d rafta,..-

The theor: developed at Corell University was hased ot atrei well knwn Furtermoe the e of ra±of strain on testrength of materials was not appre-
on a n'rnber of approximations and -aumptions in. ciated. The evidence it now very strong that shock.
eluding the idea that the deformation of steel could properties scale, a deribed in Section 1L
be approximately treated mathematically by aunug tace r d f a t ,thati~sstr~ran crvewu •horzonal traghtto a considerable degree of accuracy. It is noak of-.
that Itsre -strn curve was a horizontal straight coures, impossible that more refined Investigations
line at the yield stress. F lrh e~mo, it wu assumed will detect small deviations from the scali" laws but

* that the diaphragn: could be treated as a membrane the deviations should not be of great practical sig.
under a onstant tension equal to the product it nifltane. It io also well known now that the bubble -

thickness and the yield stress of the rmaterial. It was efects do not wsla in the same way. Bubble effect:"
necessary to consider not only the reaction of the dis. teffe siale in the ub e eftherefore, immediately put a limitatiort on the use of
phragm to the load imposed upon it, a problem o models for the study of underwater damage under
plasticity, but also the effect cf the deformation of conditions such that bubble oe flow phenomena may

.. ~ ~the disp~hragni on the load itself, since the moving eiprat hr rhoe•,ohrlmttoadiaphragm sends out a rarefraction wave. This co. The most important limitathion is the fact that it is

the~ ~ ~ ~ ~ ~ ~ ~ ~~~~h dipmgonahtodisef ic temvn impoLThrean liiare, ionr isther liacttat4ois.
reetion is complicated by the diffraction effects from almost never possible to build a model which is per.
the region surrounding the diaphragm. The approxi. feotly scaled from a large structure. For example, no
motion was also made of linearizing the differential really equivalent means of fastening the members to-
equations which were set up. Solutions were obtained gother has been found..lliveta and welding are not '.-

which give the defornation to be expected under any reproduce on aisall scale. Neither itr-' given condition ef sekocwave attack, provided eayl.eaytreod eon salsa.Nihri tua-•
gienaonditiono ofccur.These aomtac, peroied rearal, ally practical to make the structural members of ex.
taLon did not occur. These formulas were remarkably actly the same shape in the model as in the prototype.
successful in predicting the experimental valuea which It Is also very difflcult to reproduce the properties of

actually obtained over a very wide range of vansa, heavy steel members on a small scale, since the opera-
-bles..'• The theory also indicated the form o tion of rolling out thin sheets influer.ces the atrength
dependence of the diaphragm defiectio:, on the thick. noticeably. In spite of all these difficulties, it is un-
ness" and the diameter of the steel plates, the effect of questionable that a rt deal of esintial information
bubbles, etc. It was thus feasible, by use of the theory, c oable teaive fro modeal oexperentif.-
to eliminate the effect of small unavoidable variations can be derived from m odel experiments.

inpltothckes. hu i mkig xposvecopai- Naturally, to modal experiment is a complete sub-7
, in plato thickness. Thus in making explosive ompari. atituto for a full-scale test on- the actual structure of
sons at UERL it was customary to reduce all gauge interest. On the other hand, the number of variables
readinga to the corresponding reading for a strndard involved and the number of variables which are not
thickness of diaphragm. easily controlled may be so great that a single large-

The conditions leading to cavitation were success. scale test can be highly misleading. When an experi-
fully derived," but there still rrm~ins the very di.i moont involv- either variables which cannot be accu-
cult problem of developing an aceurate theory for rately controlled or variables which take on many

. predicting the damage under conditions of cavitation. values in practice, one of which must be selected for

,..8:3 Some Remarks on the Use o• the teat, one has a statistical problem such that only "

S•"kd MOdels a large number of experiments under a wide range of
practical conditionm can give a result of assured accu.

" -Ono of the most convenient methods of studying racy. Such a large number of tests is impractical if
the phenomenon of damago by underwater explosion is erpeasive full-scale structures have to be employed. 7.
the use of scaled models.''"" There has been much It is for these reasons that model inveaugations are
discussion and not a little experimentation in the past practically essential for the study of damage although
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it is clearly very desirable to supplement them with i, might be slightly in error because of the strain raw.
few Vill-chosen full.seule tests. effect. This rate of strain diffculty does not, however,

In general, the way in which the various parameters invalidate relative experiments in which various varn-
ushould be scalel can be deduced from the principles shies such as method of construction of the model,
of dimensional analysis."' A more rigorous proce- distance of the charge, typo of explomive, are corn-
dure requires a complete knowledge of the differential pared at the same scale. The relative ease with which
equ:tion of motion of the qtm=. Freqveutly it Is large numbem of experiments may be conducted. with,
not possible to scale properly every parameter or vari- small-scale structures argues strongly in favor of the
able which occur in the equations. When, for example, use d small mode ow auiple idpalized targets, in th-
parameters such as gravity and density occur in the investigation of the fundamental nature of the dam-
equations, rigorous scaling may not be possible or may age proces.-
be impractical to carry out experimentally.

In constructing a model, a great amounit of know!- • Explosive Dawage to Stee
edge aad .judgment must go Into the design and into Cylindrical Sheba.
Lhe decision as to which features of the structure an Another type of simple system which has been stud-

Thus, it may be important that the ied extensively, both experimentally and theoretically,
moments of inertia of certain members be accurately is the air-filled cylinder. Various models of such cyl-
reproduced although it may not be necessa±ry to te- inders were designed and studied at UEMRL These
produce the exact shape. On the other hand, it is not were roughly scaled to represent a section of a sub.
suffcient that the structure have the same static wr ogl cldt ersn eto fasb
strength as the prototype because one is interested marine hull between bulkheads and were constructed

with or without internal ring supports analogous to
here in dynamic effects where the ineria of various the stiffener ribs of s submarine. The sizes were ap.

iemer dynai beffecty wheorethet in eerrtias othearis
riamembert may be very important in deterfcinion their proximately one-tenth or one-twentieth of full scale
resistance to damage. The degree of perfectin with in linear dimensions. A technique was evolved for -

K which certain components of the model are fabricated rolling and fastening the cylindrical wall so that the
may or may not be vital Thus, in tests made at maximum deviaticnu from perfect circular cross we-
UERri on simple cylinders, it was found that the tios could be made as low as one-eighth of the wall
Ability st these structures to withstand explosive at- thickness.
tack was critically dependent on the degree of round,
ness of the cylinder, (see Section 1.3.4). A flat spot CY'1NDflCAL MODELS WITHOUT INTUNAUL

deviating from a perfect circle by as much as half the RL4O SUPPOse-

thickness of the material caused a definite weakening The majority of the experiments with this type of
of the structure. On the other hand, this effoct was cylinder were conducted with a model having a di-
not nearly so pronounced when the cylinders were ameter of 5%6 "t., an unsupported length of 8.
ribbed in closer imitution to the conal.rudtion of a in. and wall thickaess of 0.038 in. The ends, which
submarine. consisted of circular steel plates 1 in. thick, were free

The influence of the effect of strain raie on the to move inward on a central supporting rod as the
i4rength of the niateriaa needs to be studied further cylinder was damag d."9 Thue shells had a single
in conneution with the use of models. If it were not longitudinal welded scam. In practice the charge wes
for this effect,'" it would be expected that the Hop- oriented relntive to the cylinder so that the seam was
kinsou law of scaling described in Section 1.2.4 should on the far aide of the cylinder, thereby minimizing
hold for shock-wave damage. Limited experiments at the effect of ,mavoidablo imperfections introduced by
UERL on copper diaphragms of two sites showed the welding. "t

" * close agreement with the Hopkinson scaling law, in One in~resting series of experiments .ith this
spite of the well-known rate of strain effl-ct on the model consisted of damaging the cylinders with 26
strength of copper. (See Chapter 12.) This may be a grams of tetryl at various shallow depths. The results -
result of the fact that at both scales the rate of strain indic'ted that under certain conditions the bubble
was fairly high and in a region where the strength is pulse may contribute greatly to the damage. This is .

= ~not changriwg raipidly with rate of .strain Wdthough it "illustrated by the photographs in Figure 19. Ali three

differs materially from the static strength. Extrepol- cyiinders shown were damaged with the same aiz6 of
.tion of this scaled result tc much larger structures charge and at the same charge-to-cylinder distance
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dt 26 in. and with the charge vertically above the cyl- found to be ass severn tham in the case of t•e •..-":idef. They differed only In the depth of submergence ribbed cylinder. To study the effect of a sua •

of the charge liudr combination. In the first photo- imposed hydrostatic load, the damage to cylinders at
Sgraph, the charge was 1 ft beneath the surface so that this model by 2,-gram tetryl charges at various die.

"the explosion bubble w.u vented before it could have tation was determined at 6epthi extending to.700 ftk

-mitted anything but thi shock wave. Note the =all The rslts a presented in Figure 20, ina which the

amount .ot damage which is pmramably the effect e Cruhr to-cilinder distance at Wi a c artain &r-

the shock wavs alone. Ini the third, photograph, the - - -

system vra subrae:ged so that the charge depth was
5 ftt Hence the normal bubble pulse would develop, 00 ---

largZlI uninfuenced by the prenc of the surfac -

The damage is considerably lsrger. In tie second pho. "
tograpb, the depth of submlergence of the charge wa --- / -u

2 ft. which presumably led to the bubble being re- ,/
pelled by the surface so that the bubble pu"s came /
from a point practically in contact with the cylinder, t- -

resulting in its complete destruction. It is important
to emphasize that the downward migration of the -

bubble due to free surface repulsion, observable with :
"small charges, does not occur with cbarges greater
than severd pounds. This is a consequence of the rela- a DOI
tively greater upwo-d force of gravity on the larger
gu globe. This is an example of a phmomenon which
as not easily scalable, and illustrates the fact that ex. .
treme care must be exercisaed in the design and inter-

pretation of mr,"el scal experiments.- -- - -
A-aoiher series of experiments was designed to In- it_

vestigate the effect of alight deviations from a perfect
circular cross section of the cylinder wall. This wau W se
accomplished by deforming the shell before mounting
so that the curvature in certain lccal regions was al. cavwa tQWM Cam" "ft iCiiL. WdiA'
tered. Deviations from a perfect circular cross aection F'ju" X Plot of cae dlatmoe nqulzed to produc
of %- to 2-wall thicknesses did not greatly affect the eitlosl dumas vens depth.
extent of the damage in shallow water, but were im.
portant factors in determining the locations of the trarily defined "critical" damage was Inflicted by the
damage. In deep water, however, where a considerable exliosiou it plotted against the depth of subior•-
lydrostatie load was smperimposed on the explosive gence.2"
loading, these slight imperfections in the cylinder In order to distinguish between shock-i-aiii dama'e
wall significantly increazed the observed damage. and bubble-pulse damage to the ribbed cylinders, high.

speed motion pictures (2,500 frames per see) of tle.
CXLflTRING SUPPOUTT5 L W1Tt N; i1,L cylinder at the time of the explosion were taken. Such

Opictures were obtained for a numzber of different

Later investigations were conducted with cylinders depths extending to 700 ft. Photographs for one test
"which bad internal stiffener rings and the following are shown in Figure 12 and have been referred to in
dimensions: diameter 8% in., length 8Y In., and a previous section. On the basis of a number of similar,
wall thickness 0.038 In. The stiffenir ribs were of photographs obtained at oC:er depths, there seems to
strength and at spacings appropriate to a scaled model be little doubt that with hydrostatic loading of the
of a submarine pressure hull. In shallow water experi- model an appreciable amount of additional damage
merts with these models, bubble pulse damage and is caused by the buýle pulse, apart from the eamage
the influence of imperfections were observed but caused by the shock wave.
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TniowztciA Twu~migzT or STAXXmm arDyram tion of a#Z the mines wovz, be resoa.=y aertain at
BuOumIK of cu==*U 27 ft or Issa. ~Supplementary work baa shown that It

To conjunction with the experimental work on Cyl- is not likely that iuuhi a mine as the Japanese anti-.
inder models at UE1T.4 theoretical studies wer" car. boat mine wi' 11 be co~untermined. by syPathetic .
ried out at Cornell. One result of these investigations tonation at distances as great as the distance at which
was a revision of the theory of tho sttic strengthof it cartbe coutermie dthrough operation of thebora
cylindicat shelts under hydrostatic pressure. Art grzo. rUMUZrrm OF VJXnUW" SxUPAZMo
was found in Love's fundamental theorY Of elastcitr Dmionanos
and an entirely new method of solving the e~uations In general it is diffltuut to detonate underwter
of the resistance of a cylindrical &hell was carried charges of the common explosima Ifilings or 4"A
through to completion. The results were expressed Iin booster charges, by the explosion of snother charge.
the form of tablus which should be ustful to subyarzins Thu. in one series of tats, smlare (but wtr
designers or designers of other externally loaed proofed tetryl and TNT charges failed to detonstw

pressue VO5el&' ~when as close as 5 ft from a 100lb TNT charge. An.
At the same time, a beginning was made on the other test't5 consisted of four trials, in each of which

problem of the dynamic resistance of cylindrical shells an iinf usedTNT-load ed GP bomb was placed, nose
to explosive loading, 16' From the resulits of tisa to noc 4 ft from a liark 13 mm.e loaded with 700 lb,
theory it would appear that preanume considerably of torpex. In each cane the explosion of the Mark 18
greater than the static buckling pressures are required rmini failed to d'jtonate the charge of the GP bomb.

to iitite ucklng or ynamc ladig mu~ a ~- On the other hand, the roost sensitive detonator cap
cure with a decaying shock wave. Moreover, on the tested (U.S. Akrmy Corp.e of Engineers special wasting
basis of the theory, one would not expect a superim. cap, nonelectric) was sympathetically aetonated when
posed hydrostatlo load to effect the results to the at. at a distauce as great as 29 ft from the explosion of
tent indicated by experiment. (See Figure 20.) The 100 lb of TNT.'" In countermining actual under-
reason for this discrepancy is not yet clear. water weapons, other factors, such as damaging or so-

The theoretical treatment of explosive damage to tivating specific fuze mechanisms, mnust be considered.
cylindrical shells iu much more dimcult than is that In the absence of any mechanism which can be acti.
of the circular diaphragm. One difficulty arises be.. vated by the shock wave it is unlikely that the explo.
cause of the instability of the cylinder shape. Once. ive charge in such weapons can be detonated sym.
an indentation is produeed, there is a tendency forpahtcly
collapse to occur because of the hydrostatic pieasure If an occ~asion requires the detonation of at charge or
alone. charges following the explosion of a given charge, it in

~ Result.necessary to provide a mechanical Biring xnechanlzin
of OherDamae Tst5which is activated by the shock wave from the givan

COUNT&RUININO OF HouR1 MINSS charge. Test. on one such device in sa.allw water st

Tests were conducted at UERL with some Japa. Woods Hole revealed an interesting dependence of the
aicse antiboat horn maines, as well us with some replica rabge at whicth it would respond on the nature of the
horns manufactured by the Gulf Research and Devol- bottom (hard sand or soft mud). It would be Impors
opinent Company, to determine the optimum condi. tant to study piezoelcctricsally the nature of shock.
tions for countermining such mines in shallow wave transmissioni under the~so conditions.
water.1 '" Sufcient dainage must be caused by the
courtermining charge to damage a lead cylinder and 1-4 EXPERIMENTAL METHODS FOR
crush an inner acid-contaiuing glass rial. The damage STUDYING UNDERWATER EXPLO31ON
proccss of the horns was such that the peak pressure PHENOMENA
of the shock wave was t::s important factor; the pros-
sure necessary to activate the horn was found to bePxo!cfcaanOto
approximately 1,500 psi. Thus for a 30-lb charge in E lectrical Methods
a depth of water of 5 ft the effective countermining PIEZOELZCTRIO PRUzSUVI GAuous
radius for 50 per cent activation was 37 ft. Experi. In nui~kng an experimental study of uuderwater
enco has shoivn that uudujr the same conditions activa- explosions, it Is obviously important to devis meth.
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*dAof eteminng hepressure In the aiick wave at absoluie pressure menasuremets it is necessary to~
varoustlocatis around the explosion. ?referably as calibrate the gauge Thia Is uzsualy accomplishedl by

afunction Of the tMime It was early suggested by measuring the chbarge generated by the gauge when
J. J. Thompson in England that piezoelectric crpystala It is subjected to a known chage in pressure in a
could be used to measaure these very short-time phe. compreaulon chamber which is filled with a suitable
nomens. The British devaelped after World War 1.
a Warg aUge Msae fram a plate of tourmafe. THe
is a naturally occurrig crystal which is piesoelectri.
cally actv that is, when subjeted to pressure an
electric charge appears on the surfaces which can Ue
measured by electrical ingtruments. Their larg Brit-.O

hkfieting in is gai w ich save tootina

nature of the lkenomena and the problema yet to
be solved.1,14 As the technique of using oscillographic
equipmezut and vacuum-tube amplifters progressed, it
became clear that the gauge could be further Ims.p ~ proved. In the iAnt place, it was desirable #~at it be
made )hysicsUly emall because otherwise the time
required for the wave to pan by the gauge was an
appreciable fraction of the duration of the phenomena1. being studied. Forthe.-more, a groat increase in the
ruggedness of the gauge was necessary if the pressure
near to charges wee to be explored. These ideas leW
naturally to the development of rery email towuraline
gauges coassting essentially of one or more ams i - cUm LimU niWAlO

slabs of crystal with metallic coating on the aPpr - STE PLA geTewauCw -
print* faces connected to a cable, the whole unit being a, . NANCmA siLvIci emes IDACtwws f"SMAIS

then insulated and waterproofed. Figure 31 geves a T -TOiMU"UN 014
W IP4015 POUyIV9

-diagram of onie of the latest models of underwater WINN$ asIATIW

tourmaline pressure gauges. The sxe usually used for w.2.&ealdrin.olndmnzzsad
studying the shock wave from actual service weapons cosrcin of tourmaim piesoeleugaugs.
Is about /s in. in diameter. It was posaiblc with thesa
gaugee to measure the shock ware reasonably close to liquid. The change in pressure In the calibration {
the charge without losing the gauge. Thus, it wes chamber is usually brought about by 'opening a noodle
rout.ze to place them 20 ft from a 300-lb depth valve when the chamber is under a known pressure,
charge where. the pressure was about 6,000 'pal. or by bursting a diaphragm rovering an opening in
Pressures as high as 30,000 psi have been reliably the chamaber. The main difficulty with this so-called

measured.static r.jthod is that the change in pressure cannot be I
Mony hundreds of these units were made by the made to take plioo sufficiently rapidly to compare

Stanolind Oil and Gas Company (BOG), a contractor with the very short time of rise of prsauare which
to Division 2, by the Reeves Sound, Laboratory, a sub- occurs in the shock wave. It is also not known to what
contractor to the Oceanographic Instittution, and by extent reflections and oscillations In the pressure-
the staff at UEIUJ Itesef. These sources supplied chamber may affect the rcsults. Mounting of the gauge
gauges to many other laboratories. They were used in the pressuro chamber presents another problem
daily for the routine comparisons of different explo- If tho crystal element alone is mounted in the pres-.
sive compositions and for other studies at scaes rang- sure chamnbcr, it is not definitely known whether a
Ing from a few grams to hundreds of pounds of ex- calibration of this typo will bo the same after the
plosive. A complete description of their cenatruction crystal element Is mounted on a cable and the whole
and use is available.*LIXI-ui assembly Is waterproofed.. When the completed gauge

In order that a piezoelectric gauga may be used for Is to be calibrated, the gaugo miust be mounted In the
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chamber through a gland nut oan the gauge cable a the sdock wave compresses the resistance esmat and
procedure which was found under certain conditions thereby changes it& resistance by a smal1 amount.
to give rim to spaiaus electric charge. In view of The" have an advantage over the pleow gauges 1..-
these problems independent methods of pressure maa. that they are of low impedance, whereas the crystal
surements which would serve u a check on the piezo- gauges are of very high impedance, and thus subject
electric gauge caibration, were carried out, the results to the difficulties assoi-ted wiui high-impedanze dr.

of which an mentioneda in Section. L.1. On the cuits. On the other hand. the esstace gauges which
hasis at thee mrelts, togethe,. with a detailed study wero Wed vwe not very sucessfAul, partly because at
of the atk alibratiau method. it valy cnclded that thair very low sansitivity which meant that an am.
the static calibration of the tourmaline piezoelectric pulffer of very great gain was necessary. Another dif..
gauges, when carried out with the proper precautions, ficulty was the fragility of all those gauges which
is adequate for most ordinary explosives work. were tried and the fact that many of them showed

Tourmaline has a particular advantage among the hysteresis, that Is to say, they did not coma back to
various available crystals which show the piezoelectric their original state after having been compressed. It
effect in that it produces an electric charge when sub. is strll not at all certain that further research could
jected to a hydrostatic pressure, that is, a pressure not develop a successful underwater resistance-type
uniformly applied to all surfaces, whereas, most of gauge.
the other materials commonly employed will show a In principle, it should be possible to nake success.
charge only when they are compressed in one direc- ful underwater pressure gauges using the condenser.
tion alone. Thus, quarts, Rochelle salt, and ammoui. microphone principle or the magnetostrictive prin.
um dihydrogen phosphate, a new material known as ciple. The latter effect was successfully used in under-
ADP, have been used for pressure gauges for under. water microphones but no effort was apparently made

*-water use but in each case they require a container to adapt them to the high pressure and short dura.
designed to protect the edges of the crystal from the tions encountered in shock waves. This could prob.
pressure. This makes the gauge more complicated and ably be done and might yield a gauge with many
especially makes it more difficult to secure the high- advantages.
frequency response that Is necessary In order to record Another principle partially investigated is based on
faithfully very short-timne phenomena. Nevertheless, the dependence of the conductance of sea water itself
Rochelle slt and the ADP crystals have certain ad. on pressure. The David Taylor Model Basin initiated
vantages, primarily their very much greater aenatliv. some investigations at Catholic University on the
ity. llochelle salt in particular is 100 times a sensi- effect of pressure and temperature on the conductivity --

tive as tourmaline or quarts but has a very serious of sea water but practical gauges were never developed.
drawback in that it is highly temporature-sensitive This is a promising principle and probably should be
so that It is very difficult to use it for quantitative followed up.
measurements. Furthermore, the cryatal is fragile and RECOPWx.o Tirros 10o ELECTR..
seriously affected by moisture. AINP Is somewhat less Parsdul o "'oz
sensitive than Rochelle salt, is lss affected by temn.
perature but is also fragile and moisture-usceptible. Since the tourmsline gauges are almost the only
It proved to be quite convenient, however, for sound ones successfully used in this country, a brief descrip.
ranging setups where a more sensitive pickup was tion of the other components necessary for their em.
desired. The Road Research Laboratory [RRL] in ployment will be given.11' These additional compo.
Great Britain has succesfully used quartz gauges for nents would not be greatly different for the other
underwater work. Quartz would seem to have little types of gauges but some modifications would be
advantage over tourmaline, since It is no more sonsi- required.
tive and requires a container. The first problem is that of a suitable cable for

transmitting the electric impulses from the crystal to
.T. O~rrrz• E rc:L.ft, P usu Gzuoso the recording equipment. This proved to be a very

"" Early in World War IT, considerable erperimentas difficult problem because ordiuary rubber cablea, for
tion was carried out, especially by DTMB, on resis- example, give rise to a signal themselves when com-
tance-type pressure gauges.'" The simplest form for pressed by the pressure wave. Furthermore, it is neck.•
this is a small radio resistor. The appliet: pressure of sary that the cable be mechanically strong since it Is
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roughly handled in tee and by the erploston. Its possible help to those who may be called upon to pi-

capacity and insulation resistance must be of the equipment for field ter i
right magnitude and stable with time and treatment. Field mceaurements of underwater explosions must
Cables were finally found which satisfied all these frequently be made under adverse conditions, both for
requirements. Especially successful was the cable de. the operator and for the equipmenL Therefore, it IspI
".eloped at DTM3B which employed copper tubing as important that the equipment function properly under
the outaide shield."' Much thought was put into the url-avoabh combinations of temptirature, hundity,"
problem of terminating the cable properly so that a and primary power-eupply variations. For the sake of
length of, say, 600 It would transmit faithfully the the operator, it is also important that the necessary
signal produced by the gauges. This involved the de. controls be simple and straightforward, and that
sign of terminating networks which uot only corn- proper functioning of the equipment be easily detea
pensated for electric reflection at the ends of the minable. 'The possible need for repair in the elawith.
cablo but also minimized the distortions due to the limited facilities should also be taken into account.
dielectric absorptions of the table insulatiun. This A particularly important consideration is the fact
problem was quite successfully solved.11' It is also that explosions occur once and may involve consider.
necessary to have suitable vacuum-tube amplifiers able amounts of time, effort, and money. In thea-
with a broad range of frequency response, sufficient circumstances, equipment which fails an appreciable
gain, high stability and reproducibility, and a linear fraction of the time may be worse than useless.
response with amplitude. These were obtained by These difficulties of field work underlinc the im-
making small modifications of commercially available portance of mutual understanding on the part of the
equipment."' The output of auch an amplifier was man who develops the equipment and the man who
fed into a cathode-ray oucillograph (CRO] tube which uses it. The former should know what will be required .
was equipped with an electronic time base so that of the equipment and should have field experience; ..
the spot of the oscillograph swept across the screen the operator should have some knowledge of the basic
horizontally with time and was deflected upward pro. principles of the equipment in order to use it intel-
portionately to the applied pressure. This trace was ligently. When a new type of measurement is to be
then photographed, with the result that the pressure undertaken, the design of needed electronic equipment
as a function of time was permanently recorded. (See must be based on knowledge of field requirements and
Figure 1.) In some cases, rotating drum cameras were what is reasonably possible.
used so that the motion of thu film provided the time The actual design should then be developed to
axis. Naturally, other auxiliary circuits such as oscil. meet the requirements with a minimum of adjust.

" lators for putting on timing marks to measure the ments and a maximum of reliability. Large safrty
time scale, calibration equipment for putting ampli- factors should be allowed, to take account of such
tude marks so that the pressure could be determined things as tube variations, tolerances of component
numerically, and test equipment were also necessary. parts, and leakage currents. Good mechanical layout
With the total equipment in use for some time before and construction and clean wiring may mean the dif-
the end of World War II, it was possible to make ferenco between servicing in the field and stopping
routine daily measurements on charges of a great work until laboratory repairs can be made. It Is also
range of sizes which were accurate to within perhaps worth while to use standard and readily available
3 per cent as far as peak presaure was concerned, components as far as possible.
Furthermore, impulse measurements to better than The completed instrument should be tested under
5 per cent and energy measurements to better than 7 actual or simulated conditions and these results kept
or 8 per cent could be made. Many thousands of such recorded on the instrumet as a part of the service
records were taken at UERL during World War IT. record. Routine tests and inspections of all equipment

A background of four years' experience in design are valualle in maintaining it at peak performance
and construction of instruments for recording explo- and avoiding breakdown6.
sion pressure-time curves in the field has shown the
importance of factora which are of less concer in MechanIca Gaugesin
laboratory work. These considerations are doubtless The piezoelectric gauges described above were in.
familiar enough to all who have made such measrtre- dispensable for an accurate picture of the preasure
ments, but the following discussion is included as a as a function of the time where it was desired and
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they were entirely pracdtic foW wide toap of earn. thardfow% not the same apparent preascre for 6,0OO-pd
Howeva, espec3.ly in the esay days of their develop. peak pruhure from a small charge as for 5,000-pd
meat and for many special applications even now. the peak presure from a large charge unless this time
necessity for long cables and electric equipment on factor is taken into account. Fortunately, the corno.

* shipboard nuide it desirable to have mechanical gauge. tion is "t~ too critical provided. the charge Is. of the
which. with proper understanding of the theory of order of the iam of servinm weapons, or larger and, the
their responsea, enabled cortain properties of the shock theory fr adeutat to tlk aneo the diffaerbao
Isve to be measUred. HitorIcally, the mechanical Therefore whmr pzpapey interpreted, ball trahars
gauges were dovetoped before the electric ones, though gauges can hes used to give peak-pressure value. re

m ' mu&hof their theory waa not known until lateL producible to Sor 3per cent for the shock wave of
Tite BAmr Cuzguza GAui a large charge. It is. however. newmasay to be sure

K ~Probably the moat successful nwbanicl gauge Is that the wave Is not complicated by multiple peaks as
the ao.callad ball crusher gauge developed by HOL.&uv is somotimes the case, especiakl off the end of thes
Figure 22 ahows the construction of this simple gauge charge. It is this uncertainty of the form o: the

pressure-time curve from special situations that makes
it highly desirable to have electric gauges in conjuno.

~ ~ tion with the mechanical gauges. The ball crusher
'. L i _ 4 pupe Is very convenient to use dince It Is oeaf.

( \ ~containd emall, and easily read. &-
* / .1 Tmoaor or =ae BAu, Cammsz GAvuo

) ~f ~ ~ 7 7 The response of the ball crualer gauge to anexplo.
~ ,,seee ies enem&Ioan shock wave can he treated mathematically by

IALL simply applying Newton's lava 1)6 the motion of the
i ~ - movable platon.151.'s The effctive mass of the pie.

Tis 22. casauo of Wn wahrpu ton include. small correction factors for thes mean of
the copper aphore and for the mann of the water follow.

which, it is teen, consists of a copper ball held between Ing the piston. The force acting on the piston is z
an anvil and a light piston. The pressure wave, reach. pressed In two terms. One term, APs#41 represents
ing the gauge,. puabeu the piston against the ball thus the force exerted by the shock wave on the piston of
flattening it on two sides. The extent of the depression are A an a function of time. (SEke Slection 1.3.4.) The
Is measured and from it the peak pressure in the wave other forcoi term, Ax.z represents the resistance ol the

jcan bo determined, provided some estimate of the copper ball to plastic deformation. This has been
duration of the pressure pulse is known The bail found to be linear over a wide range of deformation,
truisher gauge, like all mechanical gauges, doea not and), the proportionality factor which gives the
have a quick enough responbe time to measure peak force as a function of the piston displacementsa,
prsuedirectly without further connideration. The should be detenmAned by appropriate calibration for'

staic resurerequired to produce a given deforms.- each production lot of annealed copper spheres.
tion on the copper sphere can be me~asured but this The spheres may be calibrated statically or dynam.
cannot be convertcd directly into peak pressure in the ically. Since they are deformed at high rates of strain
shoe% wave without two corrections. Ini the first place, by the shock wave, it is necessary to apply a correction
thare is a correction of approximately 20 per cent due factor of about 20 per cent in case static calibrations
to the Increased strength of the copper 6alls at high are employed, Ua, the proportionality factor X should
rates of stratin such as encountered in exposure to a be Increased by 20 per cent over that determined

factor affecting tbe conversion of boll deformation ployad in which the factor A wus computed from the

to peak pressure is the inertia of the piston. Because deformation producied by a free falling weight which
of this inertia, the standard NOL gauge really re- struck the sphere with known- energy ""-s' In this.-
apond.. to a combination of peak pressure and the rate case the rate of strain effect is assumed to be the same-I
of decay in the first 60 or 70 jasec of the &hoeL wsue as that encountered in the use of the gauge.
It will thus not reg(ster the same deformation and, The solution of the differential equation of maotion
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for tw plt is Phatively sulmpla Tbe bael deformo. lb or greater amd is quits wainemi t 1er elat4l us%.
tion correspomd to th4 maxzinm valu of tha plsote waements Back as in the omparism of ezpl:.
displa.me,,t. This maximum is reached in 160 W A imila gauge • an devloped St the Exploduv.:
170 psec In the standard NOL guge (effective piston Ruaarch Laboratory of Division Sum and widely util-.
mas about 16 grams, with %-ln. copper spher). ized at UERTL' This gpuge consists of a cylindrical
Since the-dmay of the sbck wave may e appreiabe s box with a steel diaphragm clamped, ovem l
during this tmw, specially for small cLarges. the d& front opening. (Sea Piur 2C) The prssure wVe"
Inrmation des not dimetly yild an estmte of peak dishe the diaphragm and the cntral def•etso .
.presture. Tortuaately, the theozy gives quanzatittvalli mmuanre For quits smallcharges of the Order of a,
the relation between deformation, peak pneur, and pound or so (0 i- 60 jsem), this gup sus to mes--
tm constant so that true peak pressures can be own. ure a quantity moderately losely proportional to
puted fiom tha ddoouLttion provided an estimate of the impulse in the wave but with charges of 800 lb

1 9, the time conrtant, It availabl. The dependcns,
an 0 becomes very emnall for larpe charges such.as, NN .,

service wepons, for whlch the decay in pressure is AFTrm WTer .;
sInmll over the period of response of the puge, s that

the ball crusher gauge acts very nearly an a dir"teaIk-,premureZ pup• un~der thes cnditions (#:li 170 .• ' '•'.. •/" .
asec.) It is, of course, necessary to remember that the BODY

simple form of the theory mentioned hete a,-ume- r'"-'
ezponental decay of the shock wave. If the shook ..A"* AEIIO. •* . 4 •.+• ..
waveformiscomplica ultisoffthoendsofo .s.. -i
service weapon,),",,,,, the Interpretation of the apuge , , ,
readings bacomes considerably more complicatedY'' .""

Another simple typ of mechanical pup is the so. FUm 24. Aw m at underwater &e -da..-

called Modugno gauge,,r which consists of a copper Pulp
dalphragm iabout 1% in. in diameter clamped over a or greater (0 w 500 pce), it appears to be, both theo-
small air space. (Soe Figure 23.) The pressure wave retically and experimentallj, essentially a peek.

pressur gauge, since the deflection tbe Is of thel
order of 170 jpaec. It iii maro ý.aproducible when prop..

-. erly employed b ut not quite so 4nvenient as the ball
,,,.•rc rusher and the Moduguo gauges because of Its larger

"via" size and weight. Because of its simplicity, however.
in addition to its usefulness for measuring the relative

.(j") (: XLjJ. offectiveness of different explosives, it proved to be a
s , - ,*-,,, convenient gauge for experimental studies of the more

,. , ,,,fundamental properties of underwater explosions
which are important in damage to steol plates. These
studies, theoretical as well as experimental were men-Fzouia 23. Tha lod ) pul.tioned in Election 1.3.2. ,"

dishes in the soft copper diaphragm and the deforms. PIBTON.Typi Mouz-.Tum Giuosa
tion can easily be memured. This deformation is quite When used with largo charge4 all of the above men.
reproducible but is not simply related to the applied tioned gauges give an indication of the peak pressure.
presepre. In other words, the statio presaure required It is very desirable to have a mechanical gauge which
to produce a given deformation is not simply related can mesure the impulse in the wave since impulse,
to the dynamic peak pressure which produces the under certain conditions, IW a more important quan-
same deformation. The gauge is, however, essentially tity than peak pressure in so far as damage is can.
a peak pressure gauge for charges of the order of 800 cemed. Hilliar in Great Britain developed such a
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MUMIRNHAL STUDY OF UNDERWATER EXPLSION PHENOMENIA

popg just aftear World Wat L116 This gaspe consists the saem principle. The theory of piste pgtsf hot
at a steel bLack with a long cylindrical hole. Iu the been treated in mome detail zeetly.'~
hole is a copper crusher cylinder such as used in gun The results of .11 types of pressare paug% o~ iL.
gauges. and a steal pison It differs from the bell fiuented by the way In which they are mounted and
pressure gauge in that the piston, has considerab" by the surroundings. Thus a paug mounted fto a
mass sad length.. 71guzz 25 shws tha constzuct on of lar~ge and very thick steel be& will read sppread-.
an of thus pisbow-tile gauges. Since the piston is mately double the peak prouzw which will be Esa-

,.~~~ 
r** .-

'.4, BASE

- t~z~z4wVV~mUASSEMBLED
*Vvvvvvm GAUGE

6 0 D. W WVM W Z.

CAP RINGS inV~V~c
ANVILS, SPRINGS COPPER CYLINDERS$

Fiouns X8 AaenblyofX sua
reasonably heavy, it takes a certain amount of time sured by a gauge in free water. This is because of the
to accelerate, There is a gap between the ead of the doubling of the pressure by the superposition of -the
piston and the copper crusher so that the piston can incident and reflected waves. However, the bafie has
accumulate momentum before striking the copper to be 8 or 4 ft thick before this effect is detected by

cylinder. By making certain simplifying assumptions, Inot mechanical gauges because these Instruments
the mathematical treatment of this system is not diffil require a certain Anite time to operate and this -time .
cult and shows that the deformation of the copper must be email compared with the travel time of tbs
cruaher cylinder can be interpreted in terms of the wave back and forth through the steel hafta Gauges
impulse in the shock waye up to a cortain time. By are also affected by their orientation relative to the
having a number of these gauges with different piston oncominug wave. It is cuatomary ta use the mechanical
masses and length of' travel it. Is possible to block out, gauges described above face-on to the explosion, except
roughly, the form of the-preeeure-time curve by means Hilliar and momentum gauges. The amount of inertia
of purely mechanical instru:nents. This gauge wia attached to the gauge, I.e., the mAasiveness of its
used very successfully by Hilliar. However, it requires mounting, has been found to be relatively unimpor-
extremely careful handling sad has not been so sue- tent. This has some influence on the results but for-
cesaful in the hands of investigators during World tunately the ball crusher gauges, at any rate, seem to
War U as it wus with Hillier. Nevertheless, It Is a function quite reproducibly with very little backing.
useful instrument. A numbear of variations on this In aUl cases it is desirable to mount the gauges as far
design have been made but they all utilize essentially. from reflecting obstacles us possible. This is partlen- -
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larly true of the piezoelectric gauges which ane cap&.
ble of yielding the complete presjurc-time curve.
Nearby solid objects will reflect portions of the wave
striking themn and these reflections will be picked up
by the pieZO gauges. It is defintely bad to use wqod
for mounting any type of undemtwat prewam,
gauge."' Apparently this low demsity, soft material
reffect3 a- rarefaction ware and serious errors may be It*
obtained ifthe pieces of wood are placed near anyof .. :-T 'Zo
the above gauges.

Phaotographic Mettods.& .. .

One of the most interesting and fruitful techniques .-

for the study of underwater explosion phenomena is /-
that of photography. Several photographic metkods
have been developed by means of which tlwre have
been obtained detailed pictures of a number of the
phenomena which occur in connection with these ex-

FJ.Asit Cm~uos ThuoToo~a~lrn
One of the most useful devices wvas the invention

at the Explosives Research Laboratory of Division
8 of tl'e exploaive flash bulb. This source of illumina-
tion can be mads to give a very bright flash of light
lasting only a few psec, which is a sufficiently short

*time to "atop" tho shock- wave in its rapid motion. FiuuAe 26. Flong cylindrialphag dohoingah d waveo and.gs
This flash bulb consists of a spherical charge of high "ibeo ogclnna hzg eoae toeed

* explosive surrotinded by a very thin layer of argon gas

fromitscener y mansof a Priniacord f uxe. There
fore th deonaton aveshould reach all points of

th ufc fteshr simultaneoiusly, odna
shok wve hroghthoargon gas. This shock wave

heaa hegastoanextremely high temperature and 1
caues t o eit fashoflight. The duration is short

beas h *erqi- for the shock wv ops
thrughthegasis eryshort. Synchronization of the
firng f he lah lmpand the phenomenon to be

Fitdid s radlyaccomplished by mcaiis of the Pri.

of rimcod t te cmedetonator cap, so as to ex.
plod th tw chrge attheproper timie interval.

Stanard amers ca beutilizedprvddteae

layemayboued cylopn uderwt shutter before the event
and los itshotlytheeafer.Details of these tech

nNue hav bend-cie elsewhere," (See also hos 27. Mashh photograph of 33'Iii. equilateral am"t
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Figure 2 (Beetiou 1.14) shows an wAaarwater ez. carried out using underwater fAsh t)!,s Photo-
plx'eion at a time when the bubble has eipazaded to a graphy. Illustrations have already been given of the

radius of about three times the radfius of the original cavitation produced whnasokv ad dlhate
charge. The photograph shows clearly the outline of by a free surface and when a thin air-backedd.

the original chargo becasne onough light was emitted phragm, Is damaged (Section 1.25.5 Figure 6 and.
by Its detonation to recoid its shape ou the Mim. Later
when Godah chapawas fLrak th out~lim9L the

bubble and the silhouette of tha nw wave wue n.-
* ~corded. Tbe shack-wava surface is quite ma*04tb which

is also tobeexctdtheor~leticalysince ny I.La
3 ~laritles should rapidly smooth themnselves out. Notice

Llso that the bubble surface does not "ow pronounced
irregularitles.

The shape of the shock wave about the charg se.

ifleets t~ie shape of the charge. Spherical 'charges (wce
Figue 2 nd igur 3,Sactlou 1.9.4) give spherical

shock waves, whereas elongated slispee(F~igure 26)

i i itre lipodlsokwvs ihti rma
* ~end at the cap end of the exploti~ve. FIgur 27 shows

a photograph of a conical charge detonated at the

An example of the use of photographic techniques,
for quantitative studies Is the evaluatiou of shock- '

wave parameters by the so-called optical distortiou
xnethod."J"" Figure 28 shows the apparent dialer.
tion of agrid ruled on aLucite sheet as viewed

& through a spherical shock wave. Severil variations of
the experimental setup are possible, but in the ems il-
lustrated the grid is in a plane through the center of

the shock-waye sphere. It is possible- to develop a FlammU 28. Flah photogruph of shook wave tavwusig

theory which relates the displacement "of the grid iu-
tcrsections from where they would appear in the al,- Figure 11). Figure 20 shows the "xtent of thle L'avi.
sence of the shock wave (obtained by extrapolation of tated region under certain conditions of shock-wave

the lines outside the shock front) to the peak pressure attack on heavy free air-backed plates. In tilese case,

and decay constant of the shock wave. A knowledge of heavy steel disks were attached to air-filled pipe seo-

the index of refraction of sea water as a function of lions of larger diameter by very thin diaphragms so
preaur isreqire. I Isnecssay t d~lgntheox-tl~t'he resistance to displacement was essentially

periment with 7eat care so that all the distances and all from the inertia of the heavy disk, the strength
angles required in the theor9tical analysed are known of the thin~ diaphragm being negligible. The extent
with sufficient precision. Results obtained by this and shape of the cavitated regions corraspond roughly
method were qu~ted in Section .. 1.to those computed from the results of the theoretical

* ~~Another pr~mialng application of flash photo. analysis of the systems. The theory takes intacon4
graphic technlquea Involves a double exposure Accom- the time variation of the pressure at any point in the

* plished by the use of two ffash charges detonated a water due to the incident pressure wave, the reflected

known interval of, timo apart. From the two shock- waves from the accelerating disk, and the diffracted

~ij~ wave silhouettes on the resulting photograph the waves from regions around the target. -

mean propagation velocity can be mneasured and h3nce The significance of these experiments is chiefly In * :

the peak pretaure in the shock wave can be derived the fact .hat they constitute an experimental verifl.
(see Section 1..5.This method has been explored cation of the esseetial correctness of the theory,
but has not as yet fully developed." including the effect of cavitation, for sho.ak-wave

An Important series of studies on cavitation was interaction with this simiple type of target. It Is char.
Vt
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PsouAN 29. FUash phutographs showing Cavitation In front o1 sigid ailbaslwd fuise plAt.

acteristic of the so-called fuudaen~tal approach to high-speed motion picture photography (100) to 3,000
.7 a problem that one should proceed step by step along frames per see) has been successfully used. This re-

a course of ~nvestigation in which general principles quires intense light sources which must have dura.
determining the pbenomenon are postulated then tions at least as long as the phenomena being photo-
tested under conditions which are as simple as pea- graphed. For this purpose, ordinary photographic
sible. In this way false starts may be eliminated more fasal bulbs have been .used, and s)me progress lasa been
offilcatly, and if one eventually establishes the fun. made in the development of a suitable undcrwater
damental laws of nature which control the plianom. flare. To date, high-.speed motion picture techniiques
ena, the usually more complicatOd practical problems have been used primarily to study explosive damage te
may then be attacked wit`. czuntidence. underwater targets (aee Figure 12, Section 1.3.4) and

Since the occurrence or nonoccurrence of cavitation to study the behavior of the gas bubble. From these
ba~ an importance in detormining darnagu to targets photographs, mesaurements of the bubble radius sad
or response of gauges, many photographs designed to the bubble migration ca be mnade.
detect cavitation were taken at U"EBI. For example, As in the flash photography tochniques, the camnera,
cavitation wait shown not to occur under the normal is contained in a heavy .watiertight catie equipped with
couditions of uso of the znchanlc~I gauges employed a small 'window. In principle there ii no limit to the
but was shown to occur when the cylindrical shell site of charge which can be photographed, provided
models were appreciably damaged. the watar is of suiffcient clarity and the lighting suffi.

The use of flash charge photography to show the clently intense. Considerable development tiaa taken
Mach phenomenon of shock ware hitora'tiou was place to perfect intense underwater light sources and
mentioned hi Section 1.2.5. further developments are foreseen. However, the

HxouSpun Morow ~ P~~ooP~yclarity of the water is a serious limitation sines sea
HIGHSPUDMOTON PCTUR PRTOGRPHYwater, ia general, 14 very turbid, and thus work with

In addlition to the flash charge techniques for only very small charges can be carried out. Where
photographing underwater explosion phenomena, larger charges or targets tire to bo photographed, the
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U EXPE'UMENTAL STUDY OF UNDERWATER EXPLOSION PHENOMENA

experiments mvst be earried out in localfites where provi•es an excellent illustration of the principle that
the sea water is sufficiently Jlear, for example, in the practical problems can beat be solved by makin uses
Gulf Stream, or near the Bahama Islands or Cuba. of knowledge of the fundamental physics and chore-
The Underwater Explosives Research Laboratory has istry of the problem rather than by relying on
seni expeditions for photography work into each of strictly empirical procedures. Thus observations have
them locations. There are other localities where the been made on ths nature of the domes and plumes
water is suffl•ieutly clear during cartain seasons of from underwater explosions at visriow depths (?a ft
"the year. and less) and this procedure has been employed to

The photographic techniques for studying the dam. estimate the depth at which various depth bombs and
age process, as well as explosion phenomena in gen. A.epth charges function. At the'time these invesdiax-
eral, offer great promise and should be pursued fur. tions were made, the bubble oacillation phenomenon
ther. Considerable thought 'should be given to the was not known in this country so that the conclusions
selection of a suitable location, and it would appear were based on purely empirical observations. Knowi.
desirable for some branch of the military to establish -e of the bubble oscillation phenomenon and its
facilities at the location, which picferably should he v,•,%., under gravity permits one to predict that the
close to a shore laboratory. empirical method based on the time of appear•,•ce of

plumes will be quite inaccurate at the depths of moat
lU Measurements of Explosion-Gencrated interest.1."*"1 Because of the rapid upward motion

Surface Waves of the bubble during its contracting phase, the time in.

Personnel of UERL have conducted experiments terval between the beginning of the surface phenoi.,

involving charges of from 300 to 30,000 lb to deter- enon and the break-thriough of the plume is not a
* mine the efficiency of explosive generation of surface sensitive function of the depth as had been assumed

waves a.nd the associated underwater prescure varis- previously. The use of this time interval to determine
* tions."1 (S8e Section 1.2.9.) In general, the pressure depth can, therefore, not be recommended.

variations on the bottom in shallow water were deter. The knowledge gained from their studie- of the
mined. These are simply related to the amplitude of physics of underwater explosions enabled the staff at
the surfaco waves if the latter are assumed to he sinu- UERL to devise a number of successful methods of
soidal." 4 The present variations fall off with depth solving this problem which turned out to be quite
in a nianner dependent upon the wavelength. The simple to apply.
Smot vuccessful measuring instrument was the NOL Taz Souxo-RAIoaNo METHOD
Mark 1 hydrophone in which the displacement of a
diaphragm was measured electromagnetically. To The most obvious method Is to sot u, a sound-
check upon the absolute values observed with this ranging system, that is to y, a series of sound pick
hydrophone, other devices were developed at UERL ups connected to an oscillograph hyetem, Zo that the

time intervals between the arrival of the shock wave . -,but not extensively used. A sylphon differential preo- at the various pickups can be measure& it the time
Ssure meter suitably protected against shock-wave
damage gave results in good agreement with the NOL interval between the arrival of the ahrck wave from
hydrophone. The pressure on the sylphon wa re, an underwater explosion at tvwo known points and the

corded electriczelly through the output of a photoelec- shock velocity over this interval are uccuratelt, known,

tric cell, the illumination on which was determined the location of the sxploaion is restricted to a surface
by the sylphon distortion. Some photographic records defined by the observed time interval, this surface

of the surface waves were taken, but these were diffi. being a hybeiboloid of revolution about thie Uia join-

cult to interpret satisfactorily. ing the two points. Twvo independent time interval
* observations Pro required to locate the ,oxplosion on
* 1.4.5 Location of Underwater Explosions a curve which is the intersection of two seach svurfaces.

"Three independent time intervals (from four piekup"
One of the practical problems which UERL was able stations) would be required to fix the location of the

to solve satijfactorily was that of testing the fuzes on explosion O, a known poitit in space.I various typn of underwater weapons to see whether In the system developed at UERL,1t iho arrival of
they functioned under actual service conditions at the shock wave at three tourmaline piezoelcet-ric
the depths for which they were set. This problem gauges on a vertical line gave two independent time
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latala, and the rets fix ft opleu so•'u as Both time- sad distance-scalead motion pictures Mre
somewher on a houluostal dricl at depth D and of =quir4 for these methods and the o~culatioa are
radius Re with the center on tMe vtrd line throuA sometimes tedalou
the Xauges. (This systems doem not determine the d&. A very simple empirical method was devised at
reetlon of the explosion relative to the gauge line.) UERL following a study of the surface phenomena
Asditionad time intervals from. the Arival of surface df a seim of Mark E4depth bombs (250 lb of torpex)
sad hos btes, reections at the pup sT bU us to detonatedl at variou depths from IS to 75 ft. The
obtain alternative values of the, dpth sand to MApy ratic 11,14e, of tdo tme heigh to te diametsw at
apmrximate correctios for devi~atis of the gaupe the dome base at the time of the bert plume Vh..
lin from the ve a The aue pup Aim v connected nomenon was found to be related to th, depth T•1 th
by 1,.2• -ft cables to recording oaseugrapbs aboard empirical equa ,
a vernal holding the gear against the U&de A%"bomb tar-
get was towed 100 ft from the pupelim. Depth (Mak 54) =-19.4 f&

"" Severa arious ofus type s in d types This methPs required neither time nam distanee
Bound on various fuan typoe In two types fraf ses, and is recommended for us in the future foraraf
air-planes traeling at about 1b0 knots at an &pp tud routinc tests of production Iots of fuse. A calibration

should be mads, however, by firing at known depths,
of about 100 fL The reslt indicated that previous
fuze-keting procedures were not v"id, and that manyoi the fuses tested under theme ditions fied at upd. Unskilled personnel can be taught easily the
considerably rester de than p proper procedure for smoothing (or averaging out)

t sd t ratios In a prewure Irregularties in the dome contour so as to get repro-: ~to, as determined by static esh'ato n•rese ducibla e mroenta, of the ratio hlde4.
chamber. This mauunctining confirmed supicionsu

f•i 7  which originated from an analyses of operational per- "DzrMtn.axor ow •xz DunE oF Dra Rxiwsxonss

formnceof he fse ype invlve. For the location of deep exploslons,'"1 the. sound.
ranging procedure was successfully modified so that
presture pickups could be positioned a deep as 800

* 8uxrz Pssrxoxmrr f.L A Vi-lb charge was fired at a known poatLon with

In conjunction with tests at shallow depths, several respect to the ranging system within 2 ,ee after the
m ethods of determining thi depth of explosions shal- weapon being tested bad been detonated. By this
low erough to produce surface upheavels have been means any deviation of the gauges from a vericad

* I': develud.-• •uy of thcse methods are modifications straight line, due to slight currents In the water,
* "u the h'mes rmisiu methods.-6'" This method is could be detected and corrected for. In addition, an

based un the shape of the dome and is, in principle, intepenZent and much simpler method was used,u'
indcperMiiut of te clharge w-ight. The shape of tihe namely the measurement of the period o! the bubble
doam is Areted u determined by the obliquity of the oscillation, which is a simple function of the depth
shock wave to the serface as a function of the hori. (wee Be-Lion 1.2.6). This method gave results in ax.
zontal radius from the center of the dome, and the cedlcut agreement with the sound-ranging method and
depth may be rcadily determined by rather simple gao. Is much easior to apply experimentally since only a
m-ri.cA monaidarationa. A detarmination of a distance single pickup and oscillograph circuit are required'
scale fur the photographs is required, and the pickup position is relatively iimaterial.

Several other methods employed the known relation An e-itenaivo investigation of the British Squid
between s~ock wave peak presure and the spray par- projectile was carried out by the UERL staf in
tiele velocity in the dome.0'"'" As applied, this Tongue of the Ocean in the Bahama Islands, utilizing
"method involved an empirical extrapolation to deter- a &ound-ragong system and the bubble pulse method.

' Imine the initial spray velocity, because photograph- As an example of the precision of theae methods,
Scaily obberved velocities were often abuormally high Figure 30 shows the depth as a function of time for
for the first few tentls of a second. Use was made of this weapon. It wai possible to determine the location
the piezoelectrically determined dependence of the of an explosion 800 ft down with considerable pro-
peak p-easure on the disatnce from the bomb use.asa. '
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Founu 30. Plot of sildng time-depth curve for 8quid projectls.'
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42(• UNDERWATER EXPLOSIVES AND EXPLOSIONS

U DESCRIPTION OF RESEARCH other agencies for such explosives, dela)- were almost
FACILITIES AT THE UNDERWATER ineWitobl&

EXPLOSIVES RESEARCH LABORATORY Another essential feature of this laboratory was a
ciaing or preparation house in which explosiv

It seems worth while to give a brief descripti.n of charges were made up in the forms desired. This
"the facilities available at UERL becausa the experi. house via also located on the island and was f T•ey
once gained in this undertaking might be useful to simple construction. It contained melting kettles
others planning to set up a laboratory for similar types which uere used, for the preparation of cast charges
of research. It should be stated that this laboratory of a great variety of shapes and sizes. This installa-
was originally planned to be a very small group of tion also was under the complete control of the labo.
perhaps halt a dozen investigators but, so it. problems ratory and was thus able to provide the needed charges
multiplied, the project was expanded until it, ultimate. without the delays which are so common when the
ly had a total staff of between 80 and 100 persons. jurisdiction over the supply Is different fr(m that of
Naturally, many things would have been done differ, the laboratory.
ently if the project had teen planned for this size in . xplosives were fired underwater at a number of
its beginning stages.. locations. Charges up to about half a pound were

The requirement which determined the location of lowered to appropriate depths in the water adjacent
the laboratory was the availability of a well-eq,,ipped to the institute dock. This was extremely convenient
research laboratory with water of at !-ut 20-ft depth because short electric connections were possible to in-
in which explosions could be set of immediately ad- struments in the laboratory builditgs. Work can be
jacent to the laboratory. Although experiments with carried out very much more rapidly when the firing
charges larger than a fraction of a pound could not point is readily accessible to the main laboratory as it
be made at the locatioa next to the building, neverthe- was in this case. For work with me,ýanaical gauges re"
less, the possibility of ctrrying out small-scale experi- quiring larger charges, say up to 25 lb, t*o especially
meods so conveniently was cont"nuously utilized and designed floats were built which could be moored in
was very important. It was, furthermore, necessary the harbor where the water was 'about 60 or 70 ft
that there be deeper water at not too great a distance deep. These floats consisted of two pontoons connected
from the laboratory and that the surroundings not by a deck with a central weil and carrying a quad-
be 'uilt up to such un extent that the annoyance and rupod mast for the cable blocks necessary for lowering
damage caused by explosions would preclude work of the gear. In one model, the central well could be
this type. Questions of climate were considered but opened on one side by the renoval of a portion of the
no location which seemed to be available met the deck. Charges were supported In the center of large
ideal specifications in this regard. steel rings to which wore mounted the gauges. The

The location at Woods Hole involved working at ring could then be lowered and, if necessary for
the Woods Hole Oceanographic Institution [WHOI], larger charges, floated from an oil drum out through -
which possesses a well-equipped research laboratory the deck opening to a convenient distance from the
with office apace, machine and carpenter shops, btor. moored raft.
age rooms, electric supplies of various types and, most A small podd was also prepared on the islanvd for
important of all, a history of experience in carrying work with electric gauges on charges up to 5 lb.
out experiments at sea. Tie town of Woods Hole pro. This had many advantages. An overhead cable was
vided reasonably comfortable living conditions for the strung so that it was very convenient to launch the
members of the staff and their families. charges and equipment into the water. Furthermore,

Explosives were stored on a nearby island on which there .were no waves or tide to contend with and a
magazines were constructed."'t The storage of explo- fixed installation could be'set up on dry laud. Expert.
sives is one of the most diffcult problems encountered once showed that work could be done several times
in setting up a laboratory of this type. Experience faster when land based tlan when baz:ed on vessels.
showed that it was absolutely essential that supplies However, for charges of the size of service weapons,
of explosives and atuaSe of weapons for testing should it was necessary to work from shipboard and for thisbe readily available and under the direct control of purpose the schboonor Reliancs was fitt,.-d out as do-".iii••"

the laboratory. Whenever it was necessary to rely on scribed In the Section 1.2.10. This proved to be as d

"CONFIDENTIAL

~i~ji ~ I ..--. j*77
I ' .o.. . . .



DISCIRPTION OF RESFARCH FACILITIES 63

very successful arrangement but it was seldom poe- onstrated that such an organi-ation Is not a good
Msle to Are more than two large charge; a dy where- one for scientific research. It is* of couw e, neomssary
as dozens of the small ones could be shot in the same that decisions such as, for example, the question o.
time from the land based location, whether the weather is suitable for the safe operation

Thero were also rvailable numerous beaches and of a vessel 1e left to the commanding ofcer of the
locations of varying depth where special experiments amiss. However, if the commanding office is respon.
such as on underwater cratering. aftect of shallow asibe to the scientific director of the labonrtory and
shots, etc., could be carried out. This availability of not to some independent agency, he Is more likely to
Varied types of water conditions was mcst helpfuuL make his decisions with the interest of the experi-

One of the important features of the organization mental project uppermost. It is also especially im-
of this laboratory was the fact that those responsible portant that these Service groups feel that they are
for the scientific and technical direction of the'project part of the scientific organization aud not merely
had complete authnrity and control over the viarious being assigned to a certai. branch of work for a tem-
saeriices such as explosive supplies, preparation of porary period. The difference between successful and
charges, operetion of the vessels, etc. This placed a unsuccessful swientific work depends ou small diller.
considerable burden of a uonscientific character on ences in the way in which numerous, not oviously
the technical people but it was felt, and experience important, precautions are followed through. The .
demonstrated that this was correct, that only in this building up of the proper morale and spfrlt among the
way could complete coordination and rapid progress nontechnical employees is of the utmost importance
of the work be made possible. Experience at other in ensuring that the experiments are carried out In
laboratories where divided authority existed has dem- the way that is necessary to useful results.
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EPLOSIONS AND ELOSIVES V( AIR

Li IMrODUCTON tha*rexplosion, t eevluationof various expladva

Pupwq o fe 1faveldgatim tdo sir-bast intenstiex froza corresponding quantili
"VXPLOsz EX employ S In sommos quantities Of the ePlOsvs in- question. T1 Ord o m' o4
L~a in weapons of many types throughout World W• explosives for this purpose was thea taken as the
IL These weapons wore used to cause injury to the order of their ali-blat intenities.

enmmy in epeehoe wa Some weapons such as demoll- As new exployves were developed, their pefotrm.

tion bombo, depth bombs and chargek explosiva- oned -eC air blast wu measured, and the body do

ull ate, ware devised and used tfor attack knowledge so obtained gave a basis for auggesting astll

structures such as factories, dwellings, fortifications, other explosives for trial Thus, a second valuable
ships, and so on; other weapons, such as fragmentation product of the comparisons of explosives was the

bombs and shells, war intended to incapacitate steady improvement in ;he power of available military

personnel; demolition charges, including "holow* explosives, uutil, by the end of World War II, the

chargee, were employed in contact with obstacles, performance of a bomb filled with one of the beat

such as bridges, buildings, fortifications4 eo, et order explosives was estimated to be about twice that of a

to breach the obstacle or to impair the usfulness of similar bomb flRed with amatol 50/a0, the usual
the structures to the enemy; and certain specialized filling for 4emolition bombs at the outbreak of this

devies depending on high explosives in the form of wV-
long, narrow charges were used for the passage of Studies of the behavior of shock waves, develop.

mine fields. For all of these weapon even in the mernt of theories regarding them, and observation of

beginning of World War II, there was choice among the effects of weapons on targets made possible the

a number of high explosives as fillings, and as World prediction of the extent of damage to be expected from

War 11 progressed a large variety of new explosives bombs of various fillings, and provided a basis for

was developed.* selection of bombs for tactical use in the way cal.

The choice of a high explosive to be used in a par- culated to give maximum effect. Moreover, funda-

ticular weapon was ased on evaluation of a number mental knowledge of the phydieal laws governing the
of factors, among which'a few were: propagation and reflection of shock waves made poe.

1. The use to which the weapon was to be put. aible the development of a new and more effective way

2. The requirement for sensitivity and stability to use bombs of a given type: it was found that a

of the high-explosive filling. (The stability and seosi- bomb that bursts at the optimum height above the

tivity of high explosives were investigated by Division ground produces a blast wave of greater effectiveness

8, NDRC.) than that from a bomb bursting on impact. This in.

8. The quantity of explosive required for the an- crease is estimated to correspond approximately to

ticipated volume of production of the weapon. a doubling of the area of damage to be expected.'

4. The best or most powerful explosive for the Thus, a large bomb filled with a good explosive,
purpose. fused so as to burst at the proper height, is estlit•u'

"In order to select an explosive, then, it was nee.e, to be about four times as effective aa the older type%.

sary to evaluate, among other things, the power of the fused instantaneously.

available exploeives relative to each other, using as An important application of knowledge of the shock

criteria those characteristics of performance most waves produced by explosions is in the evaluation of

likely to be important in the contemplated use. target vulnerability to various types of attack. By

In the case of weapons such as demolition bomba empirical or other means, the susceptibility of various .

which produce damage by virtue of the air blast from targets to damage by blast has been estimated, and
ths blast intensities from various weapons determined.

pertinent to War Department Projects OD-O1, OD-)3, These data are useful in the design of structures to "T
0 0.-7 OD-I, and to Navy Department Projects NOdi, .
NO.12, NO-144,, NO-.208, NO-224,• and N0-28& resist air attack. Similar use can be made of this in.
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TUB FEEOXUNA OF EXPf.OS!ONS IN AM - 51,

tem,,tion In specifying factors in tbA sin.• kndlhnalm The developaient of blast-mewLumng techniqusM a,.
tnr, portotion, -,nd ,tor, ap Id~ hio ex's" teir applatoton to the evaluatio t• wao n& va ..

Throughout thene invetirtiona an important aim begun in England at the Road Research Laboratory

has been to broaden the fundamental knowledge oon- [RRL] in 1938, and later, at the Armament Research

erning shock waves and explosives, for it is only Department LARDI. In the United States si-i-a

an the basis of a good bod of fundamental in- developments were undertaken In 1941 and 1942 b .

hnnation that the ddosawt of • w• n the Princeton University Station, Division 1, NDRC6.

Ue -ain6L. the Ballistic Research Laboratory [BRL], Aberde•e
Proving Ground, the David Taylor Model Basin
[DTMB], and Harvard University CHU], Divisions

Priur to the beginning oi World War IL it wa the 8 and 2, NDRC. Blast measurements using 4,000-lh
usual pract• to assess explosives for use filings bombs were first performed in the United State. at

for aerial oombs by two general tyes of measure- Aberdeen rrovug Ground in December 1949, with"
ments: BEL, DTMB, 'and HU participating. In 1943, th.

1. Tests were performed, such as the Treull lead development and operation of blut-meaurement ap.
bkek test, which assigned relative merits based on paratus was undertaken by the Stanolind Oil and Ges
some property or properties of the explosive itself, or, Company [BOG]. At the same time, the HU group

2. A bomb containing the explosive was detonated was transferred to the Underwater Explosives Re.

in an enclosure surrounded by panels of wood, steel, search Laboratory EUERLI at Woods Hole Oceasno-
etc., in order to determine the number and penetrat- graphic Institution EWHOI].
ing power of fragments. The early applicatioa of blast measurements wera

Data obtained from the Trausl block test, plate- concerned with evaluation of the performance of new
denting. tests, and measurement of detonation velos- bombs, determination of the effects of booster design
ities are associated with the brisance of the explosive., on performance, et-. As new explosive compositions
Although they provided information that is valuable becamse available, extensive comparative tests on
for many purposes, the results are not directly per- bombs and charges of all sizes were carried out. By
titent to the blaoe damsge efectivanes of explsives the end of 1943, the relative merits of several of the
since the more brisant of two explosives is not nece- most important explosives had been determined, and,

irily the one that produces the greater blast intensity. as a consequence, the older explosives (usually of the
Similarly, fragmentation in a very large blast bomb, amatol type) had been replaced as service fillings by
in which the explosive to case-weight ratio is as great the newer, more powerful explosives. In Great Britain,
an possible, is usually not pertinert to the use to which particularly, the fullest advantage was taken of every
such bombs are put. means by which the blast effectiveness of bombs could

Aside from the question of which explosive filling be enhanced.
hus -the greatest blast effectiveness, there are several In addition to studiea of the relative effeitiveness
other ways in which air-blast measurements are es- of explosives, blast measurements were made in order
eential and for which ito other type of measurement to determine the effect of case-weight on blast, the
suaMies. For example, it is desirable to have a quan. properties of shock waves obliquely reflected from

_-, titative measure of the parameters that describe the surfaces, the blast intensities from line charges, the
7, shock wave in order that the intensity thus measured blast from explosions in igloo-type storage magazine&,

Scan be related by some mean6 to the damage which and a number of other properties.of explosions.
I the wave accomplishes. Without such information,

the only way in which the effectiveness of a weapon E N NX O
can be estimated is by observing its effect on targets THE P.ENO5ENA OF EXPLOSIONS

themselves. The effects of charge shape, thickness and IN AIR
compobition of the case, etc., on the blast effectiveness s2.1 The Detonation of 1igb Exploslve"
of a weapon are best determined by measuring blast "I 

..

intensitie. It is also Important that the interactions High explosives release their energy by a process

of shock waves with their surroundings by refsection, caUed dstona~io, and low explosives, or propellants,
absorption, etc., be quantitatively determined by by a process of rapid burning. The time required for

means of blast measurements the detonation of a quantity of high explosive is
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EXPLOSIONS AND EXPLOSIVES M AIR

much ten than that for the burning of a like amount in the explosive and is preeeded. by & compoession wave
Of Propellant. With high explosives, ah rate of det which it supports.notion is not markedly affected by the particle d"z; The velocity of propagation of the detonation way%,
with propellants, the grain esie is all-important. The called the.detouation velocity, depends on the cheat.•
shattering effect of a high-exploaive dstonation is ical and physical properties of the explosive and, to

great; that of a propellant explosion much .le The some extent, on the dimentions of the ma of expIo.-distinctions an not ommPlteY clear-cut, hovwwv. ,ie and the degree of cobnfminanu Most 1mtIM27 -'.
Several low explosives can be made to detonate; high explosives have detonation velocities of the order

even black powder, under great pressure, may deto. of 5,000 to 8,000 m per see, Le., 16,000 to 26,000 fps.
nate under the proper conditions. The military uses Theories nave been developedA.a that make It poe.
to which high explosiveo are put depend upon thbir sible to compute the detonation velocity, the pressur.
great shattering power (brisance) and their high and temperature in the detonation wave, and th.
rate of detonation. chemical processes that occur. These theoretical rults .

Some high explosives, such as mercury fulminate, have been confirmed in large part by direct experi.
lead azide, etc., ."e very sensitive to heat, shock, etc., ment. (See Summary Technical Report of Division 8.)
and can be easily detonated by a spark or other local When the detonation wave reaches the interface
application of heat. These explosives are used to between the explosive and the air that surrounds it
initiate less sensitive explosives and are called primer,. (the charge unconfined) the products of the detona-
Other explosives that are less sensitive to shock and tion, largely gases, expand with high velocity, pres.
heat than primers but in which detonation can be sure, and temperature. The boundary between the air
initiated by primers, are used as boosters, i.e., inter, and the hot compressed gues is s&hrply defined. The
mediates between the primer and the main body of outer layer of the burr.t gases is theoretically at a
explosive, capable of being initiated by the former very high pressure (initially of the order of 10,000 - -

and of initiating the latter. The most important of psi). Behind this layer the pressure and temperature
the explocives used as boosters is tetryl. The main ex. at a short time interval luter decrease rapidly toplosive filling is very Insensitive to shock, heat, fric. lower values toward the interior oi the charge. The.
tion, etc., and must be detonated with the aid of a rate of expansion of the luminous zone, presumably
booster. The quantities of these three types of explo. the hot burnt gases, continually decreases. Eventually
sive in a given weapon differ greatly. (1) A very another discontinuity emerges from the luminous zone
small quantity of primer, usually leas than I gram, and thereafter leaves it behind. This is the shock
is used, (2) the booster weight is ordinarily of the wave,;a aharp discontinuous rise in pressure propagat.
order of a fraction of a pound to a few pounds, and ing through the air surrounding the explosion prod.
(3) the bulk of the explosive content of a weapon is ucts. Throughout the expansion of the hot gases, the.
the insensitive main fillirg, which may constitute over chemical composition of the reaction products changes
90 per cant of the total araount of explosive. as their pressure and temperature change.

The explosion of the booster gives rise to a com. If the charge is confined by a metal case, such as
preasion wave in the main explosive filling. If no the steel case of a bomb, the case is expanded by the
further action were to take place, i.e., if detonation pressure of the hot gases. At first, the metal flows -7.
in the manin filling did not occur, ýhls compression plastically, until the volume of the case has been in.
would be propagated as a wave, at approximately the creased considerably (about twofold for steel cases),
velocity of sound, through the explcsive. However, if and then rupture takes place. The resulting fragments
the compression is sufficient, chemical reaction of the of the case are propclled at high velocity, and since
explosive will take place as a consequence of tho ale- they are not at first retarded so much as Is the shock
rated pressure ani temperature in the compressional front they precede the shock wave over a great dis.
wave. This chemical reaction is exceedingly rapid, lance from the charge. The acceleration of the frag.
an4 the chemical products of the reaction have a very ments requires energy, of course, and a comiderable
high pressure and temperature. This zone in which fraction of the detonation energy of the explosive may
the chemical reaction takes place, called the detona. be carried away by the fragments. As a result, the
tion wave, is propagated through the explosive at a energy, and hence the preaauro, etc., of the shock
velocity considerably in eiceas of the velocity of sound wave from a confined charge are considerably less
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THE PHENOMENA OF KXPLOSIONS IN AIR 6?

thau from an uncesed explosive charge. Exteosive in- ot the atmosphere, &d then rse. again to a •.st"
"vestigationat fragmentation have bern caried out value equal to that of tho atmkAphere. The part of the
and ar desmbed elsewhsmro- shock wave in which the pressure Is greater than that

At the boundary between the burning gam and the of the atmosphere is called the positive phase, and.
surrounding air, oxygen coams in contact with the immediately following jt, the part in which the prie.
hot reaction products. Since moat explosives do not sure is lea than that of the atmosphere is Ulm, the
ontain, sufficient oxygra to burn the Cuban an& ava.•a oa t "tos ph"as.-

hydrogen (and aluminum) completely, the product The velocity at which the shock wave Is propagated
gases are capable of further (blow) oxidation. Theue Is uniquely determined by the pressure in the a•ack.
reactions may take place at the surface between hot wive front and the pressure, temperature, and co- II
guses and air, or they may occur within the flame position of the undisturbed medium. The greater the
region when mixing with the air takes place. In any excess of peak pressure over that of the atmosphere,
event, these processes are slow compared with the very the greater the shock velocity. Since the pressure at
rupid detonation proces. Additional energy is released the shock front is greater than that at any point be.
by this means, and the shock-wave intensity is en- hind it, the wave tends to lengthen as it travols awsy
haneed. The processes described are called afterburn- from the charge, i.e., the disth,_• between the shock
ing. Of the total energy available for complete com- front and the part at which the pressure in the wave
bustion of the exploeive, only about one-third is pro- has decreased to atmospheric continually increase..
duced by the detonation. Therefore, it afterburning For a discussion of the theory of shock waves see the
were complete, the energy from that source would be bibliography."%
about twice that from detonation. A gauge that is capable of indicating the pressure ,.

instantaneously applied and that is fixed with respect
2J.U The Propagtion of the Shock to the charge will record the pre-uure in the wave as

Wave in Air a function of tino. The resulting pressure-time curve
The rapid expansion of the mass of hot gses result- bears a close resmnblance to the pressure-distance

ing from detonation of an explosive charge gives rie curve described s.bove: there is an initial abrupt rise
to a wave of compression called a shock wave which in pressure followed by a relatively slow decrease in . "
is propagated through the air. The front of the shock pressure to a value below that of the atmosphere. The
wave can be considered influitely steep, for ill prac- time elapsing between the a-rival of the shock front .- 7
tical purposes. That is, the time required for corn- and the arrival of the part in which the pressure is
preasiou of the undisturbed air ahead of the wave to exactly atmospheric is called the pouitive duration,
the full pressure just behind the wave is practically and this, like the length of the wave, increases as the
sere. wave travels away from the charge. A quantity of

If the explosive source is spherical, the resulting interest in the application of blast measurements is
shock wave will be spherical, and, asice its surface is the ponstive impuls whih is the average presure
continually increasing, the energy per unit area con- during the positive phase, multiplied by the positive
tinually decreases. At a result, as the shock wave duration.
travels outward from the charge, the pressure in the Associated with the propagation of the shock front
front of the wave, ocled the peak pressure, steadily Is a forward motion of the matter behind the shock
decreases. At great ,iistanees from the charge, the front and the conditions that determine the shock
peak pressure is infiftesimal, and the wave, therefore, velocity also determine the particle velocity. In gases,
may be treated as a sound wave, such as air, the particle velocity for high-shock pre&-

BAhind the shock-wave front, the pressure in the mores is very high. For example, at about 3 atmos-
wave deereasea from if: initial peak value. Near to pheres excess pressure in the shock front, the particle
the obarge, the prse are in the trsil of the wave is velocity immediately behind it is about 700 mph.
greater thsa tat of the atmosphere. However, as the The temperature behind the shock front is also .
S .ave propagates outward from the charge, a rarefac- greater than that ahead of it because of the compres-
tioz wave is formed which follows the shock wave. sion of the medium. Since this compression is irre.
At some divianee frura the charge, the pressure be- veraible, the temperature of the air through which thb
hind the cho&-wave front falls to a value below that shock wave has passed and which has returned to
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EXPLOSION, AND UCMLOSRVF IN AMIR

atmospheric pressure is somewhat greater than that dicularly below the true moe and equal dIsb.9t
of the ndisth ed air prior to the arrival of the from the surface
shock wave. This iirvsversas Isatng of the air is Figure I shows two swomive stag. . this ruefeq-
leas, the -- Iler the excess pmu, In the shock tion process. In the first, 1, the incident wave is Just
w&r,. tangent to the surface. The excess preasur over that

At a very great distance from the :harm the wave
becomes acousti% La, the presue , temperatur""
rise, and particle velocity are all infinitesimal, and the
velocity f the wave Is thit of soun.&

2 IThe Interaceon of Shock Waves
with Their Environment

Very wed shock waves, i.e., those of nearly acoustio
strength, are refeted from plane surfaces in such a I i
way that a geometrical construction of the wave seys "
tam can be made in a very simple way. Consider a
point source of the shock C (Figure 1) and. some dio-

Fiouus 2. RIefection of *oag shook wave."

of the atmosphere at the reflecting surface is Just

double (for very weak shock waves) that of the fad.
dent wave where it is not in contact with the surface, L.
At a later stage, the incident wave is represented at Is
and the reflected wave at R, imagined to arise from
the Image source &. Again the pressure at the line
of contact of 1, R,, and the surface 8 is just double
that of I,. The angles at which the shocks I., R& meet
the surface 8 are equal.

Whene the pressuro in the shock wave is appreciably
, above that of the atmosphere, the phenoitena are dif-

ferent. One reason for this is that the pressure, den-
/ / aity, and velocity of the air into which the reflected

/ •shbock advances are not those of t&e undiaturbed atmos.
Irhere. In Figure 2 aro represented three successive

I st~ages in the reflection of strong shocks. In the tereni-
\/ ) log used above, the incident wave 1 is first shown

I just as it touches the reflecting surface•S. The excess
pressure above that of the atmosphere at this point

%-. 1-0 / is more than twice that of 1, elsewhere, and the mag.
nitude of the increase of presasre over that of 1, it
determined by the strength of I. For example, if the ' L
peak (excess) pressure of I1 is 100 psi, the reflected

"" Fiow 1. Re faotion of weak shock waves. shock pressure is about 500 psi, a fivofuld increase ofpressure. (See data sheet 3A3 of Chapter 19.)

a&nee from it, a plane reflecting surface S. The ind. As the incident wave expands to some greater sliz e
dent wave I, striking the surface, will he reflected r', the reflected wave R, also expands but thc re- ..

from it in such a way that the reflected wave R may flected wave is not spherical and cannot be constructed L
be conbidered to ar.sL from a second image source 0' by the device used in Figure 1. The angles at which
on the opposite aide of the reflecting surface, perpen- I, and R, meet the surfae 8 are not equal, in
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3X IMENTAL METHODS AND APPARATU" L

general, and the angle of the reflected shock R, do. certain natural period of vibration. If a shock ways
panda upon the strength and angle of incidence of of very long duration strikes it, the wall can be con-

* the incident aboch. sidered to be sub jected suddenaly to ablast of constant
At some distance from the charge C, determined pressure equal to the pressure in the shock wave en.

by the distance of C from 8 and by the strength hanced by reflection. For sufficiently small pressura ,
of the incident shock, a new phenomenon occurs. the wall will deform elaLtitally (the amount of the
The intersection of R and I no longer lies on 8 but displacement being about twice that from a staet.
lies above it and follows some path, L A new shock, prewur, equal to the pressure in the refected blast)
1., the Mach stem, connetts the interaection of j an&. and will not rupture. Some pressure must eist, how.

I to the surface. The intersection of R, I, and M is ever, such that the wall will collapse. For shock waves
called the tripts poiuL As the shock system expands of finite duration, the wall may not collapse even

further, the Mach stem grows rapidly, tauding to though the pressure is equal to the.critical prearae"
swallow up the two-shock system above it. If 0 is. Instead, the wall will acquire momentum from the
very els to the surface, but not on it, the Mach shock wave and will vibrate, without reaching tl.a
stem is formed almost directly under C, and, in a amplitude corresponding to collapse. If the duration

of the wave is very short compated with the timeshort time, has grown so that most of the shock sys. required for collape, the momentum imparted to the
tem is a Mach stem, and only In a small region wall must be sufficient to deform it beyond the critical
directly over the charge are R and I distinct. If the limit. On the basis of reasoning such as this, the peakcharge C is on the surface S, no separate reflection pressure is usually c"naidered to be the determiningR is formed, and it can be considered that the entire factor in the damage producec in the blast from very

shocklarge bombs, such atomic bombs. For small bombs
A very practical property of the reflection of shocks it is generally assumed that the positive impulse is

ithat the prewure (and positive impulse) in the the important quantity, since the duration of the "
point and in eMach blast Is quite short. Unfortunately, noither operationalLtem are considerably greater than those in I, or in experience nor experiment is adequate to tWst these

the shock emitted when C is in contact with 8. That criteria properly. A reference for a more detailed an.
S is, if C7 is a bomb bursting above the ground repro. alysis of this probleri is given in the bibliography"
sented by S, the intensity of the blast in the region and the subject of damage is treated in Chapter 16
If and just above it is greater, at a given horizontal of this volume.

"I • distance from the bomb, than is the case if the bomb -

is burst in contact with the ground.
When a shock wave strikes a nonrigida obstacle, EXPERIMENTAL METHODS AND

. iuch as a building, the wave is reflected by the our. APPARATUS
j fa;cs of the buil4ing in the various ways described

above. The reflection from a nonrigid surface will not, P v.T
however, conform quantitatively to that from a rigid Pressure versus Time
surface such as that discussed above. At the instant TLx Usx or PLsZo0LECTUO GAuoEs
the wave strikes the wall, the wall is accelerated and For the measirement of air-blast pressures t..
continues to accelerate as long aa there is sm excess moat common method employs piezoelectric gauges.
of pressure on its outer surfaco. At first, the deforms. Of all piezoelectrically active crystalline substances,
ties of the wall is elastic, so that for insuicient exess those that bave been used in gauges are tourmaline,
pressure or insufficient positive duration there may quarti, Rochello salt, and ammonium dihydrogen
be no permanent displacement of the wall. If the phosphate, (ADP].
blast intensity is ufficient, the wall eventually de. A piezoelectric substance is one that produces on
forms inelasticaily and sufers permanent displace- ia. ... rfe'cs an electric charge when the crystal is
menL If, for the wail in questiou, tie displacement straiind. Tr, iigs, slabs of the crystal, cut in such .
is greater thin some critical amount, the wall will a way as to produce the maximum charge, are pro-
collapse. vided with metallic electrodes. To these electrodes are

A simplified picture of the processes of damag3 attached the conductors of an electric cable which con. , .
*consists of a wall of indefinite extent which has a nects, the gauge with the recording apparatus. The
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2*. -. KKPISLOOO~S AND KWMM MVE MN Ant-

fundamental advantageous property of piezoelectrie surrounds the pile and is connected to the shield ot
gnus' is their quick action that responds to transient the cable. Finally, the whole assembly is coa withV"
" pressurechagm of " short durati, a material that is a od thermal insulatom.

Tourmaline is fairly abundant and can be obtained The quarts gauge,'which has been used very success-
in rather large crystals. It differs from the others fully in Eugland by RRL and ARD, conslats of a pile
lst in that it produces a net-ilectric charge when it of quartz disks, provided with. a thin mea cap or

is sub jeted. to unitonn hydrostatic pressure. Its sen- piston and sometimes with a plate of fta A. quartz to
thty, in .m of the electric charge produced for provide thermal insulation. The pile Is mounted in a
unitprs is about the ume as that *I quarts. massive steel body, and a seal of viscous oil aroe=&
Quartz, like tourmaline, is fairly abundant and in- the piston (at RRL) or a sheet of tin foil across the
soluble in water. Unlike tourmaline, however,. it fers of the gauge (at ARD) prevents lekage of air
quartzs is subjected to a uniform hydrostatic pressure, Into the body of the gauge. References for the deeMlg.
no net electric charge is produced on its surface, calibration, and use of tourmaline gauges"' and
When quartz, Rochells salt, or ADP, Is used in a quartz gauges"" are given in the bibliography.
gauge, it Is necessary to seal the edges of the crystal The gauges ire calibrated by applying known pres-
slabs from the blast pressure by a rigid housing, mures and observing the magnitude cf the electric
which is usually made of metal. Pressure, then, is charge produced. Over very wide ranged of tempera.
applied only unidirectionally to the crystal slabs. ture and pressure, the pressure sensitivities of tour.
Rochelle salt differs from quartz in its tensitivity; maline &P4 quartz gauges are constant. In measuring
gauges made of Rochelle salt are about a hundred- blast pressures, however, if the gauge projects into
fold more sensitive than are those of the same size the flow of air behind the shock front, the wave is die-
made of quartz. The disadvantages in the use of turbed, and the gauge records the pressures of this "
Rochelle salt are that it is soluble in water, and that disturbed wave which differ from those in the undis-
there Is a rather high temperature coefficient of pres. turbed wave. This difficulty is common to all gauges
"sure sensitivity. ADP is intermediate in temperature (not only piezoelectric ones) used in this way. It can ..

tenoitivity and pressure sensitivity between quartz and be overcome by mounting the gauges flush with the
Rochelle saIlt Although all four crystalline materiamls surface of a rigid baffle, or of the ground; by this
have been successfully used In piezoelettric gauges, means, the gauge does not disturb the air flow and
the tendency has been to turn finally either to tourma- does record the true pressures in the wave.
line or to quarts. In addition to the gauges themselves, coaxial elec-

One property that is posessed by all piezoelectric tric cables, amplifiers, calibration circuits, and means

substances is pyroeleetric activity. That is, these sub- of recording are necessary. The coaxial cables must
stances produce an electric charge as a result of a be free from spurious electric signals when struck by
change in their temperature. Tourmaline produces a shock waves and from distortions.of the gauge signal
net charge when it is heated uniformly as well as arising from dielectric absorption. 4". Since the gauge
nonuniformly. Quartz, Rochelle salt, and ADP, how- generates an electric charge, the voltage of the output ,__
ever, do not produce a net charge as a result of uni- signal from the amplifier dopeuds upon the eletrio
form heating. The charge produced by a temperature capacity of the syctom and hence upon the length of I
change of 1 C in tourmaline is about equal (and oppo- the coaxial cable.
site in sign) to that produced by a pressure of $50 Amplifiers of adequate gain, low. and high-fr-.
psL For this reason, the piezoelectric crystal slabs quency reponste, stability, and linearity must be used.
in a gauge must be carefully protected by adequate Sin,e the electric signals usually obtained in this
thermal insulation from the effects of transient tern- work are of the order 2f a few millivolts, the anipli-
porature changes. fication required is considerable.

A tourmaline gauge consists of a pile of disks of Calibration of the overall electric charge sensitivity
tournaline, sawed from the crystal, and each provided of the cables, amplifiers, and recording apparatus, and
with closely adhering metal electrodes on the sawed of the 'imr base must be made. Theme involve record-
faces. The disks are so arranged in the pile that the ing the output of the apparatuv when an electric cell-
charges produced on contiguous electrodea are of the brating signal of knoWn voltage (correspondting to a
same sign. Lead wires are soldered to the electrodes known electric charge) awd another of known fre.
and attached to the electric cable. An electric shield quency are applied to the input of the apparatus.
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E nlRhWTAL WV=UD$ AZSDAPPARATUS 7

Recording ad the amplifier output voltage %ersus with pizo'dectria gauges aa otaed In 6h biblit.
time is usumlly done by use of eathode-rty tuba grnspy.1*1k.a' 's
and photographic recerding of the bcem n thei :;u-'""
screens. The very high range of frequencies which the Tcww,-
sthode-ray tube can reproduce faithfully makes it The condenser-microphone gauge has been recently

particularly uitable for this work. It does, howev de veloped for ue in measuring ar-blost pressures. A,
have the diadxrantsg of being rather ilseMaitis, re- onanser-microphons consists of two paalll metal
quiring cnsiderable ampliflcation of the low4evel plates mounted so as to be Insulated from each other,
gauge signal. Tinm resolution is usually provided by and. separated by a dielectric (air mles eta.). Tba
moving the film in a direction perpendicular to the two plates, which are the plates of a condenser, ars
deflection of the trace on tht cathode-ray tuba. connected to the associated electronic apparatus by
Although moving film Is preferred, stationary film means of an electric cable. Under the application of
has been used by deftecting the cathode ray in the pressure, the dielectric between the condenser plate.
proper' directiOt at a costat rate by means o an is reduced and the capacity of the condanse th•ro•r.

electronic single-sweep generator. i ....
The osillogram thus obtained can be interpreted Ta one type of apparatus, the gauge condenser is

as a pressure.time curve, by means of the calibrations connected as part of a tuned circuit in a transmitter. -

of gauge-charge sensitivity and time. Figure 3 repro- The change in the resonant frequency of this circuit
santa a typical oscillogram of a pressure-time curve, i linearly dependent on the pressure applied to the

In Figure 3. the atmospheric pressure prior to the gauge over the range of pressures for which the gauge
arrival of the shock wave at the gauge is represented was designed. The output signal (frequency-modu-
by the horizontal line P, At the time t 0, the shock lated) of the transmitter is applied to the Input of a

receiver either via an electric cable or by radio trans.
*u nmission. The frequency-modulated signal is amplifle,

1 " demodulated, and again amplified, and the outpl.t is
applied to the recording apparatus. The gauge can
also be used in amplitude-modulation devices. Either
cathode-ray oscillographs or galvanometer oacillo-

iouma . Typical oeillorsm oat preuUnn ourm, graphs can be used for recording, depending upon the
frequency-response requirements. Apparatus of these

wave arrives at the gauge and the pressure is almost types has been used by BRL,11 General Motors Re.
instantaneously increased to P. the peak pressure. search Division," the Research Department, Wool.
Thereafter, the pressure decays relatively slowly, until wich," Princeton University Station," and the Ex.
at to, the "cr sing time," the pressure is again atms. ploalves Research Laboratory..
pheric. The time 8. is the positive duration of the A modification of this system, developed at BRE,.
wave. After to, the pressure decrease and a region of is used to make a direct simple measurement of posi.
suction (8) follows the positive pressure phase. The tire impulse. The frequency-modulated signal from
pressure then again returne to atmospheric. The crou- the transmitter is caused to beat against an oscillator
hatched area bounded by t = 0, P, and to, Is propor- in the receiver, The resulting beat-frequency signal
tional to the positivw impul•se of the shock wave. is amplified and "sharpened" to produce pulses of a

The aai.Pntages of the piezoelectric technique are few psec duration. These pulses drive neon light*
the wide range of pressures at which the gauge may whose flashing is recorded on moving film. Since the
be used, its high-frequency response, its linearity with frequency of the signal is proportional to the pressure
pressure, and the comparatively simple auxiliary ap. rpplied to the gauge, the time integral of the pressure
paratua. The disadvantages of the method are the over the positive duration (i.e., the positive impulse)
relatively low sensitivity, the high time constant r(- Is ;.roportional to the difference between the number
quired of gauge, cable, and amplifier input circuit of flaehes and the number that would have occurred
(necessitated by the fact that the gauge is a charge* without a pressure pulse. Then the interpretation of.
generator), and the pyroelectri seasitivity of the the photographic record consist4 simply of counting
gauge. dots.

References to descriptions of apparatus for use The advantages of the condenser-microphone tech.
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72 EXPLOSIONS ANED EXPLOSIVES MN AM

niqUe ar:(1) the system has no inherent limitation given gauge will operate is relatively eMail and a.
an low-trvequecy response, L~e, ft can *renpond to gauge must, therefore, be selected to can&=r to the
static pressures; (2) the gauge can be made relatively requirements of each use.
free frorn transient thermal effects, (3) the system OTRIM ELECTRI MTRsoDS FOR MwMURMs
has essentially no interference from cable signal, low. Pias9Unp AS A. FiNMvo or Tma
frequency pickup on cables, and microphonics, and Gauges hur4~ on magnetic properties, hare bowe

impdane I th gage rzruit ied in numerous applications and have been pro.
and (4) it in particularly 'well adapted to ýhe use of
transmission by radio, thus replacing electric cablee. pelfruei esra i-ls rsue.Sw
The disadvantages of the systemn are: (1) the pressure erl possiblemtypes hauegbesuetd moving dapram ilue
range over which a particular gauge will operate is rmvn-ant ags oigdiprg ags
relatively small, thus necessitating the selection of and niagzietostrictive gauges. Some of these types

gaug tosuiteac expcte coditin; 2) te gugeoffer possibilities for gauges of high-output voltage
has a natural period of vibration which limits its high or of great compactness. One advantage would be the

frq.uay epne and (3) for use at distances of lo'wihaednPcs characeriticsor. asrng-

apaauelectronic apparatus (transmitter, power PesrIple t
suplyorbatteries, etc.) must be locatetd at the
gauethicomplicating t~hi problem of servicing. OAcoEs BeAm ON TRH SPIUNo-PItaM PRNnCUL2
Thefurherdevelopment of this method offers prm A gauge for measuring peak pressure has been de'-

ise of a great im~provement in ths techiniquies of air. signed that operates by recording the maximum es-
blast measurement. tension of a spring acted upon by a moving piston

which is accelerated by the action of a pressure pulse.
Tf."i Daia~oa Giucau MzTHOD If the nntural period of the piston-and-spring is abortA third device for measuring transient pressures compared with the duration of a transient pressure
depends on the change of clechic 'Tesistunco of an pulse, the maiximum extension of the spring is pro.
element under stress. in one form, the gauge consiats portional to the peal- pressure of the pulse.
of a resistance clement that is hydrostatically corn. One gauge of this type which has been successfully

Rd pressed. In another, a resistance wire is formed in a used for measuring air-blast preusures is the Naval
A ~ spi.al and cemented to the back of a diaphragm eon. Ordnance Laboratory [NOL) ball crusher gauge.144

rtrained at its periphery. When pressure is applied, This gauge consists of a massive block in -which is
i he diaphragm is deformed, the wire is stretched anl1 fitted a sliding pietnn, a fixed anvil, and between

* Ithe resistance of the wire changes. them, a spherical copper ball. The plastic-Blow char-
Assocated with the gauge is a simple potentiometer aeteristice of the ball give a very nearly linea me

circuit by means of which changes in repistance give sisting force. The maximum compression of this
rise to proportional changes in vu.ltage. These volt'ige sprirg is measured by the permnanent deformation of
changes are amplified aud recorded. The principal the ball. Although, in principle, the dimensions and
devolcpnient of resistance-strain gauges of the dia- mass of the piston and diameter of the ball can be
phregm. type has been effected by the Navy Depart- chocen arbitrarily, in practice there is an upper limit
ment at DTMB.26'6 to piston area per unit mass, and a lower limit to the

The advantages of the resistance type of gauge are, size of ball. As a result, the gauge is beit suited for
(1) thu gauge hase no limitation on its low-frequency ificasuring high peak preassures. The standard NOL
response, i.e., it ist capable of measuring static pres. gauge (as developed for underwater use) has been

relatively simple; and (3) the gauge circuit is low Another type of gauge" based on the same prin-

iimpedance. The disadvantages of the system are, (1) ciple is the UERL spring-piston gauge. This consists
the gauge is usually quite insensitive, thus requiring of a moving piston, helical spring, and a simple means
a rather high gaiu omplifler, (2) the gauge is subject of recording the maximum stroke of the piston. This

1k to hysteresis; (3) there is a characteristic oscillation gauge can, in principle, be deaigned to measure blest
of the diaphragm which limits its high-frequency re- pressures in any range where the positive duration is
sponse; and (4) the pressure range over which a large, but tlie relatively delicate mechanibra cetab.
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-X P1 UM "ITAL METHODS AND APPARATUS 7.

lishes a practical upper limit to pressure estimated to that time, ad th0 positive impulse Is proportional to
be about 0n pIL the maximum (positive) slope of the curve. The

For measurement of blut Intensities from charge gauge records the negative impulse a well and .in
of moderate size with which the positive durations principle, is capable of yielding a preasure-time curve
encountered are not xtremaely long, the spring-pistou by two diffentiations with respect to tims. Thia
gauge is capable of precise measurement of positive gauge has bee designed and. used by URRBL."
hnpulse. bor thts purpoe the p fton mam and spring Azothe type of gauge embodying the asme prin.
strngth are adjusted so that the natuwd period of the ciple had been developed iy RRL." I this ganup.
mais about four times the positive duration of the the piston is split into two parts. The outer part -e.
blat. Under thes conditions, the maximum compres- ceives on its surface the pressre of the blut, and
sion of the spring is a measure of th positive pushes the inner section along the gauge. With the
impualse. impulse thus scquired during the positive phase of

The Williams puge" le a device that has been pressure, the second part strikes a spring. The mazi-
used for many years s an approximate peak-pressure mum compression of the spring, which is proportional
indicator. It consists of a very light piston moving in to the impulse given to the piston, is recorded by an
a closely fitting cylinder and working agalust the air indicating pointer and scale. In the suction phas%
in the cylinder, which it compresses. The maximum the first, or outer piston, is decelerated without affect-
compression Is recorded by a simple device. The air in ing the motion of the second part, which is vented to
the cylinder behaves as a nonlinear spring. The chief allow free motion of air past it.
difficulties with the gauge are that a very small fris" Boti types of free-piston gauge are quite prec.se
tion (such as that caused by dust) introduces large and relatively simple to operate. The split-piston type
error, in the readings and that the range of pressures gives a direct reading of positive impulse whereas thet which can be read with a given paup is quite omwl). other give, records that must be :--terpreted by care- •.

Moreover, the theory of the gauge operation is not ful measurement. On the other hand, the records give
completely developed. more information concerning the blst wave. The

The advantages of the hall-cruaher gauge are, (1) principal disadvantage of the two gauges lies in their
simplicity of construction and operation, and (2) relatively complex mechanism. Another limitation is:
applicability to measurements of high pressure. The that the design of the gauge must be suited to the
disadvantage Is that the gauge is too insensitive to be range of positive impulses that are expected, and the
used below about 50 psi. The advantages of the UERL range for any one sot of values of the mechanical varn-

* spring.piston gauge are: (1) its applicability to the ables such u piston rea and mas Is not sufficiently
measurement of relatively low peak pressures; and (2) wide to cover all likely possibilities.
the high precision of results. The disadvantages are:
(1) the gauge is relatively complicated, requiring DA•MGA GAUGE&

* fairly elaborate machine work; (2) it is only moder- Peak-prcsure gauges have been devised to operste
ately rugged; and (3) very high blast pressures would on the principle that a thin diaphragm, stretched overf lbe difficult to measure. The two types, ball crusher a hole in a rigid plate, will rupture at a certain pres"
and spring-piston, complement each other in. the sure when the diaphragm is subjected to a blast wave.
ranges of pressure to which they can be best applied. If several such diaphragm. are provided, covering

holes of various sizes, the pressure required to rupture
e ~uoze Bier ox Tuz F= Pfscox P=zL, .Lz the diaphragm over a given hole will depend on theJ For the measuremeqt of positive impulse, gauges hole size. Hence, given a calibration of the device, the
that employ a freely sliding piston with none but un. peak pressure of a blast wave is established as less than
avoidable retarding forces (such as friction) have that required to break the d'aphragm of the largest
b een used. hole unbroken, and greater than, or equal to, the pres.

In one form, the gauge, in addition to the freely sure required to break the diaphragm over the smallest
aliding piston, is provided with a rotating drum carry- hole broken. The pressure is thus bracketed as closely
"ing recr.. uIng paper on which a stylus attached to the as Is desired, simply by having a sufficient number of
piston writes. The resulting record is a plot of the holes of graduated sizes.
integral of impulse versus time. Thus, the impulse at One such device, the paper blast meter," has been = '.1
any time is proportional to the slope of the curve at used for maimy years ia the approximate measurement
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of blas premswas It on"et of t" hoards damped. The massuremmot of shock-wave velocity requires
together, witk a she*t of paper held tightly between dateAwm gas^W ste., w"c ord tde precse dame
them. Holes of sbout ter different, sars aft bored of arri-al& of the wae" at various br. distancss
through both boards, in register. The gauge is from the charge. la *ddition. it is usually desirable
shountsa with the plane ad the diaphragm, perpewlic- to measure the velocity of asoer in the medium under
ular the direetorn of pcopagation of the wave, ia, identical oaditiou Is those exstnga the time ad
bedos n I* Joe ware. By uirtm at lb. musipliftfiom the pthdrnj voleftj messumrmt The summute ve-
at ptessumaso reflection the pyusura exerted oan the hesity is mseaiumd cnernviently by airiag a small W

* diaphr~ag is grester than that of the incident wave; plosive chapg jv prior to the firing ot the adsa
proper Account of this Muat be taken. charge ad observing the tima of arrival of the scoo-

A more reant modifmtaim of this gauqe is the tic wave et the stow ganges and for the masin mes-
Ioilseef, which consists of a wouoda ar metal box suresut. 'Ouse the meswommnts required to obt""..
with one open end over which is clmpe a" asembly pressuree from velocities, aft those of distance aw..

smarto theo paper blast metor 1but with aluminum time. Both, bowevir must be measaured vFay accu-
kist instud of paper. Fo is w.ued because it is much rately, since the percoan-e od errors In the c =pnted -

* ~lees sensitive than paper to changes in atmoapharic peak prausurid ane waveral tums thoan in the measured
asonditiona suck as temperature and hwuaidity. The velocity. Th~sqasytm asboa br adopted as a routine
box gauge can be oriented sitk.- face-on or side-on measuremeunt lby BRIO
tc the direction of propegation of the blast, siaice the The measurement of shock velocity as a mean. of
box preveate the blast from acing an the rewerec side obtaining peak preseasre okra the grest at-antage

*of 0he diaphrogns. The deovelopment properties and that the true peak pressure can he obtained without
use of f'ilmotiars have been studied at the Phincto the uncertaintie msoctd" with gauges which must
University Stistion" of Division It. be calibrated by methods which often do not wall

The greet advantage df this type of peak-pmaure waulate the cvnditions at use. As was pointed out
gauge is its aimplicity. The operation and tha inter- above, the necessery, measurements are those of dis.jpres&tion of results arn simplet and no elaborate ma- taiwo &Wl tim. Very, great aruray of maaea

chine work is binolred. Its greatest limitation is that of distance and time are required, especally at the
the preclion of reaults is usually not high, and the lower pressorea; because of the Increased accuracy
limits within which the prmsuft can be bracketed requairod, the practical lower limit of pressure deter-
with a recacuable numbe of holes ase rather w'ide. mined by this method is about 3 pei; the coasplomityI A gaupe base on tiue principle of bre&&eting the of apparatus roquixed for velucity mesaurements is
pressure Meween thoee required to move and not to often as great us that for methods for obtaining pros-
m~ove sprinU.1oided pistons was developed at the sure-time curves. and the latter meothod gives, in ad.
(British) KlL. A box oontaining six pistons saAling dition to p'ek preasure. the positivc impulas as Well
holes in its frotface, each held inplace by aspring " other watul, Liformallo..
witknoinat or ccntttshegu. A oliziit Mo. U4 Oto a ta metbod

indcaor isonpuhedbythe first In its present Tim FaeOTQawET oNp ExWIO5uoV ?EZXomzxA

stage of devclopmenmt, this gaus is not cepahle of The photography at expqzon phenomena Is a
good precision. It also require. twasiderable machin powerfu experimenta tool in thiL Add. The dationa-
uurk in constrction. tion veoit.Irajuientation processes, rate of ,-Ven-

£55 T. Shck.Wac VeocityMctio~i ion of the cae, Jets from holkvo ULT ch "s ftk*..el-
14 Te hckWaeVeoctyMthd7t of the fasme, aet, have beeni etnsively studiad.

As wa5s pointed out in Sectioni 23. the shock-wave by the Exposves Research Laboratory of Dirision 8,
vellocity is uniquely determained by the characteristics NDUC. (See the Swumuu-ay Technical &~port at
of the medium and the excess pressure in the shock Divison ~
wave. That is, wader spncitled conditions, the pressure The Ltitly of ahock waves by photographic meum
may be eipressed explicilty in Lam.as of the shock. has been a fruitf-al "ource of information. From Unae
wwrvevelocity. (Soe Section2.4.5, equation B.) Advan. velocities, the ne-A presaures vory close to the charp,-
ta-s is tkake of this relation. to make vory accurate bave bean obtained." Shadow and sichlieren phatog.
maea~sureasents of peak pressures. raphy of the shoc waves just outaide the fAim have :1
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produced information about the early stages of the across the wire will change u a reiult od the change
expending shock wave, particularly with regard to in resistance caused by the strain in the wire's (See
fects due to the shape of the charge. Photographs Section L.L.). Such gauges are manufacturad cor.

of the sh.-k waves at still later stages of their develop. mervially. The paper and wire aemmbly is supplied
ment have yielded information on their pressures, the cemented to a piece of felt cloth to facilitate han.
nature of their rolection4, the interactions of shock dling. In use, th gaugeis cemented tothesurfacet ofwaveslie0a the object und" test and in connected to the W "'•J

For many s urpo ch astesy the dy wires mo the amplifying and vecrding apparatas
of structures under loadinS by blest waver, the mast oscillogrma that can be interpreted as defiection-
convenient apparatur is a high-speed motion picture, time curves are obtained.

p camera with a continuous source of light. Such cam- Aside from the quantitative measurement of strain
oer" are available commercially and provide trame in the material itielf, the strain technique is valuable
speeds up to 8,000 inies per sec. Still higher speed& u an aid In establishing the chronology of events that
bhave been attained by special .ineara. For some pur- accompsay explosions. "e Interactions of blast wav"
poses, cameras using rotatin, mirrors'-" (with eta. with target structures can then be analyed, with the
tionary film) or rctstating dmms"" carrying the film purpose of es.tblishing the mecbeniim of damage to
have been developed. These cameras ae particularly the target
valuaelh for studying self-luminous phenommn, auc Tin Bum Twu
as detonation waves and flAe.

Still pictures of shock waves can be taken by using A very useful apparatus for the study of shock
* an intermittent light soure of •wery short intemzity, waves in air and for the calibration of air-bluat gauges

Flashing lamps," sparki,'"' and high-explosive is the blast tube. This device co"niss of a long tube
charges" have been used aligh~t sources. It re- which is divided into two sections, the compremion

quired that the duration of the flash be sufficiently chamber and the expansion chamber, by an air-tigt
short that the motion of the shock during e~xpum diaphragm. Compressed air is admitted to the coin.
is uot so great as to blur the photograph unduly. The r chnmber to build up te required pressre
light soure iit ordinarily pla"ed behind the shock wave, Ond vhcn the diaphragm is punctured by a knifa it

facing the camera tens. and either the shadow or the shattert and a shock wave is formed which is props.
i tigated along the expansion chamber. Gauges can beschliereu technique "* is used. ""sCh

Another technique which has be"4 of value in the mounted in the expansion chamber and their charat. .

study of shock waves, gas jets, etc., is that using in. tarstice under conditions similar to thor under

terferometty.-" In this method, the shock wave, which they are to be mcd can then be studied. The

Jet, etc., which is being studied erose one of two blast tube was devised at Princeton University Sta.

beaus of an interferometer. Since the refrac'iyq index tion.m""'" It has been used for gauge calibration

of the compressed air of the shock wave is different by 80OGW and by UERfLL

from that of the undiAtrhed air, the interference The relation between compreaiion-chamber pres.

lines are caused to shi.L rhetograp)h of this phoo, sure and shock-wave pracsure hu b.een obtained theo.

nomenon can be interpreted quentitetively in terms reticAlly ,nd e.perimentally."-" It was found that

of densities of air in various parts of the domain pi.- the experimental measurements lie about 6 per cent

tured. The ticlimique is particularly valuble, &-ce below those theoretically predicted. By inaerting blocks
it gives quautitative information, not only about the into the compression chamber in order to shorten it,

shock front but also about the region behind the shock a shock wave can be produced whom. pressure-time
frn, curve is very similar to those from erplosive charges."

The Uc!brdtiun studies of eaugu in the blast tube
Tat Uu Us -nir os S raved that the apparent gauge senmIti-ity decrcasee

For mca3uring Limin., in objects subjected to the as the s;'wck-wavae pr:r.ur, incre-.sL Thi is inter.
action of shock waves, a giue consising of i grid of rtetcd to be due to the ditturbuiv of the air flow by
reistance wire cemented between pieces of thin n:,e ..r 1uge, to that the average prc.,ure on '#he ur.
is very useful. The principle of operation has r •iy face of the gauge is lci tha that of the undisturbed
been discueld. If a current is f.owing throu,;h tue wave. Tlhecretical v1ciputations have been mtae by
wire when it is stretched or compreu.:d, the potoatial the Applied Ilathceatics renadl OSLD," whieh.

CONFIDELNTIAL "1

7777................______
- :. .. ? 4.

. 4 .

,J',,.



- 7 ,'7 -"-

iS gMOSIO"s AND K• I AIR

show that the to'v.e4&ct hypothe is reasonable, from B would establish its superiority. other p•rs-
By men of a blast tube of uectngulaiCT see- mtm of A end B beingofeqml ofs udd It* .I

tion, the refections of plane shocks at oblique agles It wNoe necessary to choose between two intenWv

have been stadied by photographic technique. (See properties of the blast, such as peek pressure end
anectia L4,L) positive impuls, the choice would be very much mmte

difm.Mt. Fortunately, in most cam the orde d supe.

xANALYSIS Or EXPSR AL wORu Sority the basis d positive impulse bO te as n
tUat c peak pressure. (See Table &) "

In order to obtain evidence that would estAbd

"st The Criteria of Blat Damage the criterion of blest damage efaectivmsmes aof lim-blt-
• The most conclusive way to test a weapon Is to use wva N areful s hdies have L Made by the Brik.

it for its intended purpose, to do so mAnY times, and ieh of many bom in Incidents in Britain during the
to analyze and evaluate the resultLb This is thM blitL By examination of bomb fragments, it was poe
most expensive way to tat it: the expenditure of lives aible to odablish the " of bomb and to distinguis"
labor, and time way be very great, and the conse between bombs having explosive fillings coutalni•g
quenoes of failure severe. The alternative is to deter- aluminum h which had nonaluminized fill-
wine those characteristic of the weapon by vi"rtu Of Jlg. By this mens the average area of dat-age
whi.h its purpose is accomplished, to formulate these was determined for each type of bomb, fIa e of
ea teisties in terms of simple, observable quanti- four categorics of damage: A (demolition) ; B (major
tie, and to messure those quantities under coMtrOlled irreparable damage); C (severe damge, requiring

n ogditioh. evacuation for a time); and D (mimno damauge rW"
SUnder certaL cnditiou a blgh-eXo0i (112 quiring only temporary evacuation). The mean radius

bomb, detonating near structures, will demolish at for each type of damae was taken to be the radiu
seriously damage them. The m"An by which the of the circle whose am equalled the obw a.-ed
bomb acmplisbes its purpose is its &;r blast; there of daemag

may be contributions from IrSgMnt, "earth sOck, Staifc detonation trials of similar bombs, with air-
Sand the Am it may caus In Order to camPart ths blat meas-remee. provided the omesar ietona-

e-ctv~oeneA of two bombs, it Is dien necewsary to tion on t peak presur, positive impuls, e which
measure their asi-blast intensities under identical coa- would be obtained, on the average, at distauces from
ditions. If all parameters (peak presure, positive the bomb corresponding to the radii of the four classes
impulse, etc.) of the blast from one are more intane et damage. It was decided on the basis of such data,
than the corresponding properties of the blast from that for British buildings the mean radius of A dam-
the other, the result Is established: te first bomb i ag. corresponded to 120 pii.mme of positive impulse.
superior to the second (for us in the open) PTOidad B damage to r.and C ma to 40. This implies,
a suffcl.ent number of such compison ptblisbM of courM, that it is t)h4 positive impulse, and ot the-
the statistical validity cf the resulL (In Section 2.4.6, peak presure, wWoh is of principal interest ia blast -
cem~p no of explosives in enclosed rooms it taken darafte. A itbhgh this was the beat that could be
up, and it is shown that under thmse conditions, the done under the clrcumstanct, it wee not entialy ". ,
order of effectiveness of explosives is differcut from satisfatory, since the number of incidents analysed

that in the open.) If some properties of the first bomb was relatively smull (?s in all), the raun of bomb
are superior and others inferior to those of tho second, ises was not great (1,000 to 8,000 lb), the enact
the roult of the test is indeterminate, unless some nature of the iling was in doubt, and the matter
further informtiou is available on the basis•Of whieh of the measurements of dama area w rge,
it can be established that one property is monr im woald be expected.
portant than amother in 'he process of damage. For Procceding on the basis of the positive impel"
example, the fragment velocity from borb A may be aitrion so established, comparisons of bombs having
greater than that of B, and the blast peak prcaure various fillings were based principclly on their rele.-
and impulse from B greater than those from A; if the tive positive impulses. It Was found Cxperimcntally
bomb is to be used to accomplish blast damage, the that to a good approximation, the positivo impuo
superiority of the blast peak pressure and impuls depends on the reciprocal of the distance from the

" I Ibmas CM9s 14. bomb; this implies, of course, that the radii of a given 4I
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category of damap from two bombs are propo onal effsctivonsse [XAE] of each of several types of bombs.
to the positive impul• frum these bomb at a given has been established." (See Chapter 1.)
distance, and hence that their areas of effectivenm For very large bombs, e.g., the atomic bomb, whem
are proportional to the squares of their positive um- the blast duration is very long (of the order of a
pulses determined at a given distance, second), there can be little doubt that the peak-

The early British air attaek on German targets pressure criterion holdL. That i1, for each target
yielded further information. It had b•, reafaUd that structure, a certain peek pressure is required to rup-
ft ama o damag of a given bomb would be less with ture the wells, and fbr predicting the area of damag
German targets than with Britih, becaus of the to be expected it should bem uslciezt to know the
heavier average wall construction of German build- distances from the bomb at which the peak presures-
ings. Moreover, aince the eitimates of the effective- are just adequate. Theoretical consideration of the
ness of thes attacks depouded on the interpretation problek" of reactions of structures under blast load.
of air-cover 4aotographb, it was found that the dis- ing has receuny been reported.'•" (See Chapter 15)
tinctions among the A, B, Cq and D classes of dam.- 11m Relative Effectiveness of
age could not be Ifawn, and therefore two clasm hExploives Entet penes
were defined and adopted. (1) dmmolihio (at at Explosivc in the Open
one-third of load.bearing walls destroyed); and (2) The most common military high ezplosives that
vi&ble damage (damage visible on good quality, air- have been used or considered for use as fillings for
cover photographs). The corresponding positive im- aerial bombs are listed in Table 1, together with their
pulses for the mean radii for these types of damage chemical compositions and denaitiea5 the compoed.
were estimated to be 1U0 and 55 pai.msec reapec. tions of actual fillings vary by a few per cent from
tlively. those given. Similarly, the filling density given for

In the meantime, the development of heavier and each explobive is an average over a number of actual
heavier bombs progressed. The 4,000-lb high-capocily filling densities in various batches. The importance of
(IIC] bomb was adopted very early and 8,000-lb and filling density is twofold: explosives are usually com-
12,000-lb 1C bombs were soon developed. No such pared on the basis of equal volumes, to that thc greater
heavy bombs had been used by the Germans over the density, the more favorable the comparative blast
England, and the extension of the incident studies, effectiveness. Second, the filling density is a measure
at bast not conclusive, to such large bombs was not of the quality of the particular filling; a poor pour will
easily justified. Some experimental data were used" have air cavities and the components of the mixture
on the response of brick walls to pressure and aimpli- will segregate. Both of these faults lead to low over-
fying assumptions made, obtaining a result that in- all densities.
dicated that for bombs greater in size than the 4,000. An important division of these explosives into two
lb IfC bomb, the positive impulse criterion was prob- classes can be made: (1) thr',e that contain alumi-
ably no longer valid, and that, for bombs larger than num, and 'V) theo that do not. As can be seen from
the 12,000-lb 1IC, the peAk pressure was probably the relative bluat intensities, the aluminum contrib- .
of greater importance. Few bombs of thus two larger utes heavily to improved blast performance.
sizes wore used and they were sometimes mixed with The methods of comparing exploaivU on the basis
other bombs and incendiaries. For these reasons, no of their air-blat intensities are easentially the aamn •
very good teat of the impulse criterion for very large at all establishments where such work is done: the
bombs could be made from air-cover photographs. charges, consisting of identical containers tiied with
However, the few data which do exist'" support the explosives to be compared, are detonated while be-
this prediction that for such bombs the criterion is ing supported in a fixed position on the testing field.
neither purely impulse nor purely peak pressure but Air-bloat gauges, rsually electric, are sct up at sevoral
something between the two. distances from the charge, and blast pressure-time

More recently, a group composed of personnel from records obtained. From these records, the peak pres-
Divisions 2 and 11 of ND1C and from the Applied aures and positive impulas are computed. The condi-
Matheutatics Panel worked under directive A11-23 on tions of the test are beld the same from round to
the evaluation of the effects of weaponm, both British round, so that direct comparisons among the different
and American, on targ, ts. From careful analysis of explosives can be obtained. The results are usually
strike and post-raid photographs, the mean ards o1 reported as relative peak pressures and relative posl-
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tive impulsee, referrig all roults to those from one Mdative positive impulses for diferenceas in weights
type of 0hMg& chosenf arbtranily as a standard. 8ev- was made according to the empirical formulas
Oral identiea rounds of each t7pe of explosive are
usaly ,insch ee sres of t asis norder to estab.(1
Slish the S.fsticsl validit of the eults. and (.-.

It is foun that the relative pressures a"d impulses . P
are ementilly independent of the harg*oangs di. ()
taun so that results obtained at a number of such where PL, P ane peak prsures from weights Wu-
distances can be easmidered as averages. Moreover, cn We raqwetively, and 1,, 1, are the torrespouding
the average, the results from various groups of experi- positive Impulses. For the usual variations in loading
menters re iu agreemenL The average relative peak density, such corrections aro of the order of I or I
presures and positive impulses for all explosives con- Pa rnt as I r&d.
aidi6-ed ar eun,, raied ia Table S. These ea A salient feature of the results in Table S is th"

include results from trials in the United States by shap distinction between the aluminieod and non-

U L end SOG, both of Division 2, NDR,0; end by aluminized explyses: the alumnil•cd exploeives are,

BRL, Aberdwe Proving Ground, as well a in Great a a group, coo-iderably superior to the nonalumi."
Britain, by B7 L and ARD. All results are reduced to aied oreas The ie In power is o ue to the hlumigh-:
the baes of the average loading densities d in 7 re of the oxidadion of the aluminum. I "The chemical reactions In ths dcti•i u proce haveTable Li~a adjustment to relative peak pressures and ba tde hoeial.bean studied theoretically.". .. "

*DivIsm I, 2 .NDR, wpts 4",g with the odw of The addition of aluminum to explosives Increases
effeatvenaa of expladvaes ad thm of Divis:on 8 which wer their bul),t and impact sensitivity. (See Division 8,taanderred to DI S S are given Ia r e 702. A STIL) Because of this increased soieltivity. It was
mo*e.omletu biblio-ppy of repus•s tm.m all mourom Is - to Is ome regaaiv uaannio" ..
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tive, to torpeX4. one exrlosive mixture wlose n eal-
tivlty is saus actw7 is HEX, which is made by the
addition of D-3 wax to torpex-S. (See Table 1.) An- -
other s&-d of addition of D- wu to torpex-3 is to
decrease the ab-blast intensity, largely becausea dJ

the decemase Lm loading density. A. a1Timllsz mixture ia.
torye D-, in wbieh the deensitir wax wed (4)W

TAa I.Peak . vemre and poslvet Inopuae trs to fa
thae of Cae(tea B ompiam d o an am
eq uiwdum"••".

Torpex (30% Al) L!3 1.21
TO1.12 1.15M= eLO LW.

DBX LOT 1.11 i
BBX LOS 1.1i

Tn~ton-l US 1o0 Fatlm 4. ted relative Was g dame brad W as

Trilse LOS L"S tau Poduve Impubwe
larnIM 104 1.02
,otap. 5 (1.00) (1.0) alt 1 In thoes incidents, the aluminized explosives

* Pntal, . 0.98 0.97 (cousisting of trialen ora luminlzed hexfnits, both of
Ednatol 0.94 0-2 which should be inferior to HBX and superior to
TNT 0.02 0.94
PkMtok 0.90 0.90 TNT in blast iqtensity) gave 50 to 100 per cent more

Amu"tr 0.88 0.8 damage area than did the nonaluminized explosivee
Amatd 0.86 0.o . (TNT or ematol 60/40). The estimated improvement
•U Loah a.mW 6.04o d ft" from HBX, over the average of TNT and amatol

is somewhat lower-meltiug than is D-2. No detectable 60/40, would be about 65 per cent, which lies about

difference exists in blst intensities between UBX midway between the observed ,.kea.

and torpor D-1. It has recently become the practice The influence of several variables on the blast in-

to add 0.5 per cent of calcium chloride to torpex-9, tensities of explosives has been studied:

HBX, and minol-2, in order to reduce the gassing The Efect of Varying the Aluminum Conf•,t in

that is produced' in aluminized explosives. No effect Torpex, Minol, and Tritonal-liks Compoeitirla. Al-
on the air-blast lntnsities has been observed as a ra though torpcx-3 contains 18 per ont aluminum,

sult of the addition of calcium cdlorids. minol4 20 per cent, end tritonal 20 per cent, these

The relative dnma•-eg power of exploaives can be am not the aluminum concentrations that give the

"estimated, for bombs that are n4t too large, on the greatest blast intensities. By experiments with mix.

basis of the positive impube criterion (see Section tares containing various peroent4ges of aluminum, it

2.4.1). Sinco the positive impulse has been shown to has been shown that the optimum Compositions con-

decreses linearly with inercasing distance from the tain: torpoe, 30 per cent;" minel, 28 per cent;""

bomb, the relative damage adii are proportional to and tritones, 25 per cent. 5"" As a result of those

the relative podJtive impulae, and the relative area, experiments, the British propozed to replaca nwilnol-"

of damage are estimated to be equal to the squares of and ordinary tritonal by mrnol-3 and tritonal with

the relative positive Impulse. On this basis, and 25 per cent aluminum. (See Table 1.) .. 1
using data from Table 3, the bar graph in Figure 4 The Effect of Aluminums Grain Sie on Blast Is.

was obtained. The heights of the bars are proportional tsneitsea. There are two resons for the interest in
to the estimated relative damage aress. The chid con- the effect of aluminum grist size on blut intensities.

firmation of the Improvement of alurainized over non- (1) Because of mass-production proceae for "atom.

aluminized explosives comne from observations on the izin' aluminum, some grisat were in bettor eupply

eftectivenoss of German bombs of both type in Brit. than others, and (2) it was found", the' use of the
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EXPLOS•OI•S AND EXPLOUVES M AM

coarser grists produced less sensitive explosives. Ac- and J'W", respectively, will b eqal and the poet.
cordingly, tests were performed which sho-wed that tire impulss, durations, ete, will be proportional to
aluminum powder that passed a 50Mmesh sieve and VWI and 'W, respectively, at those distances,
was retained on a 150-mesh sieve could be used in This can be expressed as follows:
place of the Navy specification aluminum (30 per cent
of which passed a 325-mesh sieve) in torpex without fa
low of power.w but with considerable grInf In
insensitivity. Also, it was found'" that mino.•_,
prepared from "36-mesh to dust aluminum was
equal in power to that prepared from "200-mesh to and

Erfect of Rom& Case.Weigki an the Order~ 61mom+ul,
oa/Explosives. Static detonation trials of both slumi. where P, 2, and t are the peak pressure, positive im-
nized explosive& in the forms of "bare" and cardboard. whe, and positive duration, respecuively, mepsured

cased charges and heavy., medium., and light-eased at a r from W pounds of explosive, and f, P,
bombs showed no dependence, on the avcrage, f the at are unspecified functdons of the variable n/Wd, FS~~~~relative blast intensities on ease-weight."sadhaeuseiidfnc~m ftevral /I

Depedsn• e Ordr e Mei• r+ D~tacs tom The simillarity law as applied to air blast has not
Dependenc, of Odrof Merit on Ditac fothe Bomb. On the average, the experimental evidence, an adequate teat. For a range of charg

based on blast-pressure measurements made over weights from 8 to 550 lb, it has been foud that the

ranges of charge-to-gmige distance corresponding to principle of similitude is applicable within limits of
presures of moat importances in producing damage. error of a few per cent.? By taking into account
shows the relative peak pressura and relative positive the efccta of the cae of bombs, differences in explo-

impulsca to be independent of dietance." Other ex. sives, etc., it was showns 0' that the principle wu

perimental work,4 '" however, indicates that, for very applicable to blast measurements made by BRL on a
smll distances traom the charge, the ordex of merit range of charge sizes from 100- to 10,000-lb bombe.

However, it has been found by British investigatorsmay be very different from that in the range of dis that the positive impulses from 66-lb bare charges of
tances -wherein air-blast measurements are usuallytmae.hr Composition B104 give values, predicted for 4,000-lb

bombs by the similarity principle, that are consider.
* -" The Principle of Similitude ably less than those actually obtained, the effect of

By dimensional reasoning, the following principle the cue being taken into account. Moreover, blast,
of similitude was derived for explosions and explo. pressure mcaaurements at UERL, using very small
*ives. If, of two charges of the same explosive, all of bare charges, of the order of 2 to 4 lb in weight, lic

the dimensions of one are k times those of the other, ".w911 below these obtained elsewhere for larger charges
the peak pressures measured at any distance from the of approximately the same chape. In order to test the
smaller will be equal to those measured at c times principle properly, charges ranging in weight from

S.that distance from the larger. Moreover, the positive 1 to 10,000 or 100,000 ib, and hzving identical shape--
impulse, energy, positive duration, etc., from the explosive fillings, types of case, etc., should be do-
larger will be k times the corresponding quantities tonated and blast-pressure measurements made under

for the smaller, the distances from the charge being the Game conditions by several investigators.

"in the proportion k/1. This principle, of course, as. There are several quite reaonable qualitative argu.

guines that all other variables not so specified are the meuts which would deny the exact applica~bility of the

nome in the two cases. The principle of similitude is principle of similitude. •

not necessarily inviola e; it %ias ruquired experimen. The Lork of Similarity of Afterburning. After-
tal verification. burning, which was deseribed in Section 2.2.1, is a

The principle may be restated In termas of the term applied to the relatively slow combustion of the
weight* of the charges, since the densities are pro. products of the chemical reactions in the detonation
sumed to be equal. If the weights of two geometrically procets, and involves the reaction of combustible
similar charges of the same explosive are W, and W products (carbon mQnoxid., hydrogen, methane, car.

the peak pressures at distances proportional to %Y IV, bon, etc.) with atmospheric oxygen. That this process
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actually don occur has been demonstrtedt experi. tensity should Increase disproportionately with In-
fmlly.m creasing charge-weight. However, this effect should beI

If this procesa (afterburnirg) occurs only at the moat pronounced for very small charge% and ahould
periphery of the globe of hot gases, the extent of the be negligible for large charges.
reaction it determined by the area of the globe (ap. The presence of a heavy metal case around the
proximately spherical). This means that the relative charge would alter the phenomenon: on reaching the
importance of the afterbu-. reacti on, de. interface between metal and explosive, the shock 'av-
creame with increasing chazge-weight, shine the ralo is partly refected as a compression, and partly trans".
of ar• to volume of a sphere decreases linearly with mitted as a compressizn in the metaL If the rarefs.-
Increasing radius (Le., charge-weight). tion wave reflected from the metal-air interfag falls

On the other hand, if mixing of atmospheric cry, to meet the oncoming reaction sone .before It hAs
gen with the hot detonation products takes plah the reached the metal, no akin-effect would be expected.
burning is a volume and not a surface phenomenoe It is obvious that experimental work is required to
Since the elapsed tiine for a given process (e.g., ex- test these hypotheses For pnctical purposes, nid
pension of the hot gues to a certaln pressure and over moderate ranges of charge size, the similarity
temperature state) is proportional to the cube root principle can be applied, for want of more direct ex-
of the charge-weight (to a first approximation) the perimental results.
extent of a chemical reaction within the gas globe
which bu as finite reaction rate will be greater for 2AL The Effeýt of a Case on the Blast
longer elapsing time and the energy liberated will, Intensity from an Explosive Charge
therefore, be greater. By this mechanism, larger
charges would be expected to give greater en•.gie It was pointed out in Section 2.3.1 that if the.
per unit weight of explosive. It has already been mau- explosive charge is contained in a metal case, as In

tioned that the energy available from complete com- a bomb, the-expanson, rupture, and projetion of

bustion of an explosive is of the order of three times fragments of the cae require energy which can com'
that &vailable from its detonation alone. Therefore. only from the energy released in detonation. Thisthata~zlabe fom • dtonUenaloe. heitssubtraction of energy reduce& the amount tha is"""

afterburning, at least in principle, may give risc to
large departures from the principle of similitude. The available for the shock wave, and, therefore, shock-
santy experimental evidence available indicates de- wave intensities from a cased charge are less than

scny' prmna from shbare charge having the same net charge-weight.
partures from the similarity principle in the direction A series of experiments using 8-lb charges of Con-
predicted by this argument.

The Skin-Efect. If a sphere of explosive is deto- position B encsed in cylindrical containers of va--
nated at its center, a spherical detonation wave, con. s thicknesses wa performed by RL?" Theseresults showed that both peak pressure and positive '..

sisting of a chemical reaction zone of high tempera- impuls show tht btpe presare aud postie
ture and pressure preceded at a small distance by a impulse from the explosive charge are reduced by t-e

shock wave, will be propagated outward from the cqe, and that the reduction is greater, the greater the

uenter of the charge. On reaching the surface of the case thickne It ha been shown that the empial
charge (presumed to be unconfined, in air), the shock equation
wave is reflected inward as a rarfiaction. This rare- I4=6 is. ,.".

faction, or tension we',e, will shortly meet the advane-
lug chemical reaction zone and should tend to "freexe" exprewe IIfL results within experimental error.

the reactions by lowering the temperature and pres- Here , and Is are the positive .ipuLaes from the
sure in the reacting material. Thus a thin "akin" of eased and bare charges respectively, W and We ar
surdeIntohte reactingmteriall Thu ej a then carge, of the weights of the explosive charge and total wedghturdetonsted ex,-.oaive will be ejected from the chargeousedcagrsetvlad#i h aso

and the energy available will not be fully realized, of casd charge, respectively, and e is the bae of.
Now the thickness of the skin is independent of the Naperie logarithms.,
size of tLe charge; therefore, the fraction of the total By making simple suxptionalM about the par.
waight of explusive which Is in the skin decreases tition of energy between shock wave and fragments,

with increasing charge-weiE;ht As a result of the akin- a somewhat different expression was derived from the

effect, departures ixfm the similarity prInDcpls would above. (0.802"+
be expected, and in t direction su.h that the blast in- W j 1+ 2MIW/ ,
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SULWSIONS AND EXWSIVE IN AIR

where W s the explosive dcarge-weight in a cued T"AWLa &dkcatrad d afldBdtIk ,*•'

hargsewhose equvAent ce-weight is M. and W b .• f -W_ . , ..-

Is the bare charge-weight whose bls pM r andvle R yl(per Actua
Impulse would b identical to those of the ced

charP. However, it happens that both apressions 10-*ca. bos..

give v-ry nearly equal numerical results. The second 2504.b OP 0661 0--0

expression has th, advantage that it predicts the effect 1004b 01 .0.65 0"8
of cue-weight on peak pressure a weol as on positiv l,0004b OP 0.4 OG.-

210004lb oPGM 08
- "impulse. Thea of mase-wegt o pea 5 .b SAP 0.88 031
and positive impulse ar shown graphically in gigre 1,000-lb UAP 06U 082"

5 in terms of the weight of bane charge reuie 1,0-bto02501
give equal blast intensity to that of a cased charge. 4,000 b Lo, 0-8-'

-. For um in equations (4) ,nd (5), the charge-weight 25.lb G? 0.40 0GM." l• ,0004b P 0.43 0.831""... retio [WlW, of (4), Wl(Ml+W) of (5)] Ji the ,6OD~ p GPs 0."1
"equivalent* charge-weight ratio, obtained by comput. 4,O00-1b 0P 0.88 0.80

-- OD~ O5.I P 0.21 0LI0
-.,O0.Ib SAP 0.21 0.18

600-1b SAP 0.20 0.18

UI- - 1,0004lbMO 0.62 0.47
I ,I I -I/i•o,.OO .0.60 0.8.

-I"I 2,000-lb HO 0.81 0.72
4,000lb HO 0.W) 0.7.

"-i i 8,000-nbHO 0.75 0.68
- I 12,000-lb HO 0.75 0.671 -- - (P] bombs and 350-lb depth borobs" and in the

K 0,l comparison of the blat from aluminum and thin

steel eased bombs with those from bombs of standard

- - - - - - The important implication of these results is that
a large blast bomb should have the minimum weight

I ! - - of metal casing consistent with Safoty in handlin. the
boInb. For Ouch a bomb, the bat fuzing is proximit

WXW 01.ii 1 -M VA -r Vaiabl e-fivis (VT] fuzi~ng. there is no danger of
Fla` ...... .Of619 a nd breakup of a thin case, since the bomb functions
F • &,,•_ Efeto jt npead either in mid-air or instantaneously on impact. The

minimum case thickuess is, themefore, that necessary -4

ing the ratio of charge-welght to total weight for a to avoid injury to the bomb n handling prior to the
hypothetical cylindrical charge having the same attack.
walght as the charge-weight In the bomb, the same The Improvement in blast performance obtaino)-
diameter as the cylindrical section of the bomb, and with thin steel or aluminum cases over the standard
"the same Case thickness u that on the cylindrical bombs is illustrated in Table 4, where relative area"
section of the bomb. This amounts to assuming that of damage from a fixed quantity of explosive encased
the casing of the ogival noes and conical tail sections, with various thickneves of metal and from equal
which are relatively heavily cased, detract relatively toWa weights of bombs of various cage-weights are
little from the overall bleat from the bomb, at least estimated, using the positive impulse crit-.,ilon. (Sea

as far u measurementa perpendicular to the bomb's Section 2.4.1.) It should be emphasized that experi.

equator are concerned. Table 8 list& "equivaleut" and meat shows no siG iflcnnt difference in the erect of
"Actu"I" charge-weight ratios for some American and a case for various exploeive allinSa Hence, lmpruve.
British bombs.lU ments obtained by reducing the case-weight are in

Further evidence of the pronounced effect of the additon to improvemozta obtsined from better explo- - . .

cea-weight on blast pressures and impulses lies in a adeiv (se Sectio= i .4.n) or by proximity fzzing (soe"

comparison of the blast from 5I00-b general-purpoas Section S.4.5).
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AMALISIS OF EXPERIME • YOW, 81
Tita 4. Fatlo.-tod relative ara of dump rm As pointed out in SeWon 2.3.3. this equation is the

bombe of vrous am thild , ' basis for a very accurate method for determlnivg peak

A. Ch.pau cA, qW for ea bomb pressures. For temperut-are corresponding to pr".
Equivalet Eftmatd sures hL.ker Glen 300 pli, -1 pd 1.40; the propertiem

"Total Weigt, "Under reative of air to 15000 K have been computed and tabu-
.T) of bomb Wt of -p c/Wr mo de

Bare abarp LOO L01 LOO
Alhminum eon Lie eg. MA R Uw N c 2 kO
"tWen te am 1.16 &20 0M83
L4 bomb L26 0.82 0671 The reflection -of alocik, from plan surfamces was
OP bomb 1.88 0.64 0.49 briefly descrbed in Section 2.3.3; a more detailed

D. row W001ove a for an Ubm. analysis is presatd below.
Fhrgewe. Equi Fad,- When a shock strikes a plane reflecting "dtamnCl,,t w for lyinder relative

Typo of bomb Total weight C/W retio dmap am head-on, the properties of the reflectior. phenomenon
BAN Charge 1.00 1.00 1.00 obey not only te Riankne-Hugoniot equations, but
Aluminum eam 0.90 0.93 0.76 the added requirement that no matter can cross the
Thin steel me 0.87 0.00 0.69 boundary between the surface and the gas. Hence, the
L bomb 0.80 0.82 0.`3
GP bomb 0.53 0.,4 0.21 particle velocity behind the reflected shock u it Icaves
yin .O type of explsive ailing is mamunse %btWrMlxUL the surface must be zero with respect to the wall

ligure 6A4 deicts a plane incident shock I just
LU• Reflection of Shocks and tho

Mach Phenomenon a A ...

S* T.int R42,Tm INX-'INE-HUOONIOT EQUATIONS

]Ielations (the Rankine-Hugoniot equations) that A e 0 J,•,-0 .
express the application of the laws of conservation of , , /.,.,""
mass, momentum, and energy to a shock wave are Ftomn 6. PAeLs.&a of shock from plane sace.A. Inecdet shock before reflection. &. Shook after

P U--P, = P.17%,•., .

AR= (P +"P.) -- , (6) before striking a wall W. In the region B, behind
the shock, the pressures density, particle velocity,

where U is the velocity of the shock front, P, P, u a and ,elocty of soupd are p, •. u, and c, respectively,
the density, pressure, and particle velocity behind the and th ofrsoud ar e in respectiveho,

shc~, p, p.arethe orrepodiri quntites n ~ and the correspondioag quantities in front of the shocksbc,,k, p., p. are the correoponding quantities in the (i.e., in the undisturbed. medium A) are p., pes ue

undisturbed medium in front of the shock, and AN iei h nitabd eimA r ~~.Udis thred chaige in energcontenti rosing the, shock 0 and c. respectively. Upon striking the wall, the
is the change in energy ontent in crossing the shock shock R is reflected and travels away frum the wall
fronL All pressures are absolute, not gauge, procures. izte the compre.sbi region B. The pressure, deralty,

These equa•.icns can be combined to produce the and local velouty of sound behind the reftected chock
following explicit dependence of the velocity of props- ( e B and W in the region C) are denotd
gation U on the preaure in the shock p and the pres- by p', P'. e'. yTh particle seeloci' equals :ero, an
sure p. and velocity of sound c. in the undistuzbed enprctioned above.

medium ( pcrfcct gas) Tho presures in the regiona A and 7 anerelated to
(7_ the pressure ina Bby:

where y ia the ratio of ipeiflc heat at constaut pres- =
sure and constant volume. For air, at pressure* (and It ,hould bo mtte t -

corresponding Zemperaturea) net exceeding 300 pai,
y is very nearly constant and eqi!a to 1.40. The 4 1 i ;S 1.

velocity-prescure relation for air for these pressurcs By application of equations (6), and asuming an
then becomeU Ideal gas, the compremsion ratio I' of the reflected

U' 1(8) 4 Thi 6urc.¶ and notAtIons arm duo to von Neuanw= who"
6 expit!oQ of this sub4eot 6 part•cularly er.-""
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"shock canbe obtained in terms of that of the incident that the flow is again turned parallel to the vall in
shc .the dirocton e, -" " .

(9) By application ` Ie Rankine-Hugoniot equations
(7- - (+ 1) f +9 0and ideal gas laws to the above simple geometrical

Again y refers to the ratio of specific heats at con. picture, the strength sad angle of ae of the reflected.

stant pressure and at constant volume. If y is taken shock R have bern computed as functions of the

to be onstant and equal to 1.40 over the whole range strength of T and its angle."'M" Several remarkable

of pressure, it can be seen that properties of ol)i!quely rdected shocks are predicted
1 • 8, when I oby this theory.

"I sts hn 21. For a given strength of incident shock'(measured
That is, according to their relation for very strong by 6), there is some angle of incidenwce , such
incident shocks, the pressure in the reflected shock may that the type of reflection described above cannot
be as much as eight times as great as the pressure in the occur for a> > .. ~.
Incident shock. For very weak shocks, the excess pre&. 2. For each gaseous medium, there is some angle
sure (p'- go) in the reflected shock is about double a, such that for a > a, the strength of the reflected
that in the incident chock (p - p.). However, for very shock is greater than it is for head.-on reflction. For
strong shocks in air -/ 7" 1.40, and it is no longer air (approximated as an ideal gas with y = 1.40) as
possible to get an accurate solution using the approzi. 39* 27/.
station assuming air to be an ideal gas. 3. For a given strength of incident shock, there is

O•L•QUE R ,LECTION oY SZoCKS: some value for a = a.,. such that t' Is a minimum.

R'OuLA% RxrLEOnIlO 4. The angle of reflection a' is an Increasing mono-

The theory of the oblique reflection of shocks from tonic function of the angle of incidence a. For a S a",

plane surfaces hao been prefelted. Consider r • a a and for. *,= ,,,' > o,@'
wua be r al. os an ane These properties of obliquely reflected shocks of

dent plane shock I which meets a wall I at an angle finite strength (Q < 1) may be contrasted with car-
e. (See Figure 1'.) A reflected shock R is formed atth wlla smeagl a.Wih oatonamur o respondling properties of acoustic waves (in which :
the wall at om angle a. With notation simile- 1).t

1. Acoustic reflection occurs for 0 6 a < 900.
2. k = • for all values of a.
3. Same as S.

S4. a = a for all values of e'.
T- Tho theory of regular reflection received exhaustive

71177,77-77717177-' •-tests in experiments at the Prinoeton Uaiversity 3ta-
* .o 7.Oblique ralkctionofshockfromplanassurfu. tion.' A "shock tube,* consisting of a pipe of roe- --

tangular cross section partitioned by a destructible

that of the previous section, A, B, C are the domains diaphragm, was employed. (See Section 2.3.4.) In one
in front of the incident shock, between tho two shocks, section, the compression chambcr, comprseed air wu
and behind the reflected ahock, respectively. The gas admitted to build up the desired pressure. In the
in thoce domains has presqures p.. p, p, densities p other section, the expansion chamber, the air was at
p, jp#, and lrcc sound velocities c,. c, c, respcctively. athmapheric pres~ure or below iL When the diaphragm
The velocity of propagatiou of the incidcnt shock with was punctured, it was shattered, and a plane shock
respect to the gCs in A is U, and that of the reflected wave wAs propagated through the expanTcion haunber.
shock, also with respect to the air in A, is U'. if the A "wall," which would be set at any dekired incidence
frame of reference is takeu flzed with respeef to the with the slock wave, was held firmly in the expansion
line of coutact with the wall T, gas can be considered chamber. By- means 4f .raasparcnt windows, the sheck-
&3 flwing into the shock with the velocity s. This wave system and the waill were photographed in pro-
flow is turned (in the direction x) by the obdique file, using a spark as a Ught source. Shock strengths
shock I and its velocity is changed. Since there can wsit- computed from mcuured shock velocities.
be no component of flow nozzoal to the wall, behind I-he theory of regular reflection was verified for a ..
R, the sh-ength of R and the angle a' must be such wide range of pressures and aigkcs of incidence. The
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ANALYSIS OF EXPERVIMEl AL WORK _-

o-pedicUon that no two-shock (I.e., regular) reflection 1100, no V was formed, but that a ridge of soot bisct.
could exst aboi4sa - ., wvs quantitafiveiZ a. iug the angle was formed instead. As wavu ilk.

creased over 1100, a V was formed, and the angle
MAcS RBU•LSMO (2#) of the V was found to Increase as a was in.

creased. (&ee Figure 8.) Moreover, lines 1, 1! a2, 2..,
In a series of papers . Mach""l and collabo. and 3 were observed in the soot. Lines I and rw•vr

ratuO reported "Periunmts on the Interaction of shock obvioul y loid of interctio of the shoek from
waves arising frmm intense speksl$uiM Theifrx-

V ~perinents were as follows. To a glass plate, tintolU
electrodes were cemented, so that one or more sparks
from •battery of Leyden Jarn would follow preset ,patternm an the glass surface. Parallel with tba AMst"

plate and a few millimeters from it a second plate was
supported, coated on its inner or-face with soot. When .. '
a spark occurred, the soot just oposite it was blasted .-
clear of the plate. They observed that if the electrodes ..-

were so arranged that two sparks, one long (the linear
8.park), the other quite short (the point spark), oc. Fiov~x 9. Mac reflotion from dztd w&dLcurred simultaneously, not only was the soot cleared

away opposite the sparks themselves, but a thin line 8 and Y' lying above and below the axis of symmetM,
of soot was deposited Letween the point and line 1sPrks reapectively, and S and V' were thought to be loci of

Sin the shape of a parabola, the point being the focus, intersection of the portions of 8 and S' on opposite
the line the directrix. The line of soot was inter, sides of the axis of symmetry. In the V region, only
preted to be the locus of intersection of the plane and one shock, 3, w observed.-
cylindrical shocks from the two sparks. However, at Similar experiments were performed" with re-
the two ends of the parabolic line, the line broadened e , and photographs were obtained show.
into fans or Ps, regions from which sook was partly Ing the instantaneous picture of the shock system
cleared. This is called the Mach V-awbruitung, or from an angular spark. PhotograpLs of three-shocktsimply the Kach V. systems hiwvohing shocks related to 1, 9, and 3 in

Experiments of this type were repoated"a at Hir. Figure 8 have been obtained by many investigators.
yard in 1941, particular attention being directed to The reilcetion was photographed" of shocks arising
study of the V. Using an arrangement similar to from exlilslve snurces; relcction of the bow wavesMac~h's with ta "angular" spark 8 (angle bteteen of projectilea in flight from plane surface was photo.
two sparks = 2*) and a linear spark 8' opposite the graphed at IlU..
o agle, it was found that with angles less than 2. = It was pointod out above that regulat (I.e., two-

• shock) reflection ca-not occur at angles a > at,,..,
Some oth,,r shock system must replace it; such a sys-
tern is tho three-shock system composed of the inci-
dent I, rellected R, and Mach M shocks (ee Figure 9).t

It hau beou demonstrated experimentally'* that,
in addithnn to tho three shocks 1, 8, and M there Is a
"olipatrcam" S, which is a boundary between regions
of diffor,.it particle velocity and different density
but of the iaune pressure. It *u also found that, when
a> , a UMach wave R1 Is formed at the wall,
which grows as the shock system moves along the

* Work of A. C. Chmtcrt a"A R. N. Tolnas of BRL
SNote titat om Mn think of obtairiuS the eomnf.igratIon of

Figur a (I.e., In.treoction of ohocLs) by ratnoving the wlU Wlouxs L Dusti"ull aho waves , rom Intens In F••ir• e an•i ro.pla•In it by the mirror Imago of the hock
spoka (Mach V). st.m sbove the WAL
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6� EXPLOSIONS AND EXPLOSrVES IN AIM

wail, and the locus of th, triple point T is a straight demolition could not be tnerease, but only reduued.
line, I--L by air burst. It is, however, surprising that so imporý.

The theory for Mach configurations in shock iya- tent a decision was made on such poor grounds; the
teums is only partly developed. A number of w,)rk- performance of two bombs was the whole basis for the

1.121-120 recently have ontributed to the pres- decision. In spite of this, in the light of later experi.

ent state of its advancement. However, there is a lrge mental evidence, the performance of the bombs was

body of experimental work on the Mach wave syste o Just what would be expected fomn L burst o high
and empirical correlations have been found which above the optimum.
make the results very useful for practical military In 1043, it was urged that the bl~at-messurement
purpoWL groups at UERBL and Princeton undertake further

studies of the propcrties of air-burst charges, and this
THs APPLicATiox oN OBL0quE RBEILuC-ox KM time, the basis of the proposal was not shieldin& but

Aim-BunsT Born the properties of obliquely reflected shock waves, even

The proposal that the effectiveness of bombs might In the absence of a built-up.area. In December 1943
be increased if they were detonated at some height there was begun at UERL a study of the effect of
above the ground, rather than on the ground, was ad- height of burst on the peak pressures and positive im.
vanced early in the war. However, the properties of pulses in the blast, measured at a few set horizontal
oblique and Math reflection were not understood at distances from a small charge detonated at various
that time, and the improvement in performance was heights above the ground;"1"44J gauges were placed

supposed to arise from a reduction of the screening at a few heights above tLe ground. Somewhat earlier,
effect of one building on another. A model town was the Princeton University Station had undertaken aim.
built of brick, earth, and heavy timbers, and blast lair studiec, with several gauge-to-charge distances, the
measurements were made"'" by RRL with gauges gauges being mounted flush with the ground.""" "-k

located among the buildings and charges detonated The work" using the shock tube with a photo.
at various heights above the streets. The results indi. graphic technique that was described above was also

' cated that peak pressures were conuidorably greater begun in this period. The UERL work, in collabora-
from a charge burst at the optimum height than from tion with BOG in-luded cardboard-cased charges of

a ground-burst charge, and that the area of damage 2., 12-, and 42-lb weight; that of Princeton Univer.
of the B category could be more than doubled by air sity Station included largely 2/2-lb TNT engineer
burst, if the impulse criterion was assumed to apply. blocks. All resmlta were in agreement: as the height of "

(See Section 2.4.1.) The optinmum height for maxi. burst was increased, the peak pressure and positive im.
ralzing B damage from 4,000-lb bombs was taken to pulse measured at a fixed horizontal distance in-
be 200 ft ( a figure later shown to be much too great). creased to raaximum values and then decreased. The

A number of 4,000-lb 1IC bombs were provided height of burst required to produce a maximum area
with proximity fuzes, set to function at about 200 ft of speciftoO damage, i.e., the optimum height of buvst,
above the ground, and were dropped in British raids depended to some extent on the. mjnitude of the
over Mayen and Spezia. For a number of reasons, only peak preosure or positive impulse of the arca of which

a few of the bombs functioned properly over appropri- It was desired to maximize. For demolition-type dam.

ate target areas, with interpretable post-raid air-cover age, the height of burst was such that the rango of

photography. These incidents were evaluated and it heights at the optimum for a 4,000-lb Ug.ht-owed
was decided that, since the two bombs (out of 10 [LCO bomb was estimated to be 40 to 70 ft. The maxi-

dropped) which could be located and which funs- mum kparticularly for poaitive impulse) was found to

tioned properly at 190 fi above ground level gave leis be so broud that the optimum height was not critical:

demolition, but twice as much visible damage as variations from it of as mitch as :--20 per cent pro.

would impact-burst bombs, the perfoimanee did not duced within 10 per cent of the optimuom positive ,
Justify its introduction into service. This decision, of impulse.
course, was baete on three misconceptions: (1) that Finally, these studies were followed by full bomb.
shielding, or rather the absence of shielding, was scltly scale testa. UERL and SOG measured the bl"-t from

responsible for increased damage area; (2) that the bombs ranging in size from 350-4b depth bombs to -
optimum height of burst should be 200 ft (insteal of 2,000-b GP bombs supported at various heights above
40 to 70 ft as was later demonstrated); and (S' that the ground."","' The earlier small charge results
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were confirmed and the inrerse in area of damage planatioo, the experimental background, the into-:
from air-burst over impact-burst bombs was predicted pretation of results in terms of expected damages Mad
to be 50 to 100 per cent. The UERL work is sum. performance of -uxiating VT fuses in this application.
marized" and an empirical method for express- The theory of the Mach effect, the experimental veft.
ing the results by means of a few parameters is fication of the theory of oblique reflection, and an
reported.20  empirical method for correlating the aparimmntul

In the meantime, when British fnvestiptors learned results wee also desertribeL
of the early UERLesults, the question of air burst The direct outcome of the experiental, esults I&
was reopened and the aaessment of the rai& on a set of curves expressing the dependence of peak
Mayen and Spezia was re-examined." It was con. pressure and positive impulse on th:.height at which
eluded that the burst at 200 f. gave B damage slightly the charge is detonated, with gauges located at vari-
less than for ground burst, and about torice as mucih ous horizontal distances from the charge and at
less serious C damage, and that the Spesia incident various heights above ground. It, from other sourves,
was fully in accord with the model town experi- the magnitudes of peak premure an& positive im.
ment4s'$ 1  When the Static Detonation Committee pulke required to produce a specified degree of dam-
comupared'": the early UERL and RRL1$ results it age are known the experimental results aftra a -

oncluded that they were broadly in agreement. A means of establishing the height of burst (the opti-
-commentary"" was issued which stated the history mum heihbt) required to maximize the damage and

of the British experience and reconciled it with UERL of predicting the gain in area of damage to be ex-
results. Additional information abovt the effect of air- pected from air burst
burst bombs was obtained from V-1 bombing incidents A bluat pressure gauge, which is located at some
in Lr."Ain." height k, above the ground at a distance d measured

Two new series of bluat measurements on air burst horizontally from the charge, will record one of two
were undertaken in England. In one, 67-lb bare general types of preosure-time record, depending upon
charges of Composition B were detonated at various whether the gauge is within, or outside of, the M:-.h
heights above the open ground, with gauges at various region. This is illustrated in Figure. 10A and B.
distances from the charge and at two heights above Figure 10A shows the single-peak type of pressure-
the ground.*" These results were in fair agreement time record obtained when the garge is flush with
with the previous work at UERL and Princeton Uni. the ground, or when the triple point T (at which the
versity Station. Quantitative differences in the rnae- Mach wave and incident and reflected waves meet)
cured quantities among the results of the four labor&.
tories were found, and althoughi thcae have not been 81
fully explained to date, all results are in approximate A
agreement in the optimum heights of burst and the I

Smagitude of 'he increased effectiveness to be expect- VtN
Sed. In a second series of trials'" a one-saventh
scale mzodel town was constructed and 8-lb charges .....
of Composition B were fired at various heights above
streets and buildings, with gt.uges recording the blast
at various points in the city. These experiments con.
firmed the earlier work in that blast presures and
impulses were found to be maximized by air burst.
Moreover, the presence of buildings did not alter this

* a&eVantiAge. Ear!ier work," had alaso shown that the
increases in effectivenese due to air burst could be ob- .4

taineA with obestacles ;a the path of the blast.
Bombs"' was treated at a symposium in Washington, *--
D. C., sponsored Ly Division 2, ND1C, for the pur- naouws 10. Pnaure-tlms curves recorded below ad
pose of presenting the subject to representatives of above triple poant. A. Erkige-peak suge record.
the Services. The topics included an introductory ea. I. Doauha-peAk pu recard.
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is higher than the gauge. Fig-ure 10B represents a the meanings of some of the symbols are u follow&
double-peak record, such as is obtained when the Other symbols are defined on the figure UtaelL
height of the gauge is greater than that of the triple C explosive charge
point. The incident peak pressure is P1 , the reflected 14 height of charge
peak pressure Pa, and the Mach peak pressure PM. I incident &hock
The positive impulses in the two cua s ane proper. 3 reflected shock
tioaal % tOe wreas a the crosehatebed prt of the X Mach shoek (stem)
figures. The times ta and to are, respectively, them- r falpstream
flection time and positive duration -f the wave. If the r triple point
gauge is above the triple point, the nearer it ap- y height of stem
proaches the triple point, the smaller is t&. By plot- I- I path of triple point P
ting the reflection time at a given gauge versus th .,,.... limiting angle for regular reflection
charge height, the charge height at which the tripla d. distance on ground corresponding to
.point is just at the gauge can be. determined (Le.,
ta is just zero). Thus the path of the triple point can For simplicity, the stem is shown as a vertical straight
be determined for each charge height, and a family line, although this is not always the case. Note that
of curves, such an those in Weapon Data Sheet the definition of a is given a special extension when
3A8 1 ' of Chapter 19 can be obtained. a Mach ihock is formed, and that a may be obtuse.

Ik

t

RR,"

Fuuz 11. eometry of Mach mM".

it was,' found that, if the path of the triple point In Figure 12, the dependence of d, the horizontal
was expressed in taems of # and a - atremm (s limit, of regular reflection, on the charge height h6'
Figure 11), the patU of triple points from all sizes of is shown, and values of , are indic4ted. The
charge, at all heights Ebove the ground, at all distances linear dimensions are normalized by the scaling fec-
from the charge cc--d be represented by a single tor V'W where W is the weight of charge; d. o"
curve, to a satisfactory approximation. In Figixre 11, course, depends upon the pressure-distance function
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I the bomb in question at the dibtances and chargo
r - --'lheights shown. oFu 1 r

SeIS NIO? / F1 .

.heparicuarl FiauaaS. •ve.ruusa-• a the

1. ThThe salient features of Figure 14 are:ru--e-
ote p e1. The expected radii of damage are increa1od, on thei

e wt Figur 1 avwhich shows 4h der cent of ter ma inut the maxima b o that the
copuedexpected areaj of damage would be increased by about

practcal aplwah- o vt h s 00 per cent on the average. o de i
preFsure 12. Theoretical limit for regpal'refetlon t. The height of burat required to Maximize the
f verus chare 0 heaht r o radius of daclage is not critical, and is roughly the

same for both categories of daniage considered. A .

of the explosive charge. With the aid of Figure 12 height of burst of 30 to h00 at would produce within
together with Figure 13, which shows the dependence 10 per ct of the matima um obtainable damageg the
(if 0& on a ,,, the paths of triple points can optimum height would be !10 to 60 it.

pobe computed. The percentage increase in area of damage is great.
The particularly practical applicatto is of these rm- est for the r iost severe type of dimage (demolition).

suita is bated upon the e.permcntai fact that the That air burst improves the performance (i.e., bleat
hpressure at the gauge is matimized when the height damaging power) of l wo r a been demonstrasdo
"of charge is 0.9 of that required to cause the triple in actual raids, as ha, already been mentioned. The

'" point to pass through the gauge. Spezia incidents showed that &a air-burst 4,00041

The height of charge which gives the craximutr bomb detonating at about 200 bt above the ground
pofitive impulse p ut a gauoe is somewhat gmeater, in reduced demolitiot and doubled the area of visible
general, than that required to make the triple point damage COMP&Trd with previous experience with

• pU& through the gauge. However, the optimum ground-burit, bombs. This is precisely what the ex. -
i:'. ~height is not critical, so that for moderate ranges of perimelital results would predict for a bomb burst so"....
.: degree of damage ilhe same height of burst can be high above the ground. The V-1 incidsnts, in which..ii

use to maximize the damage, whether the criterion the bombs burst above the ground (as a result of strik. ".
of damage he peak pressure or positive impulse. ing trees, etc.) at about the optimum height, add fur..••

Figure 14 represents the expected radii of two types ther confirmation of the improvement from air burst.
of damage as functions of the height of burst of a It has been announced that the atomic bombs used . -

4,COO-lb LC bomb filled Composition B. These zuries over Hiroshima and Nagasaki -were burst well above
"were estimated from experimental results on the as- the ground. If the atomic bomb were similar to ai
sumption that the mean radius of demolition, maxi- charge of 20,000 tons of TNT as far as blast is con.
mum radius of demolition, and mean radius of visible cerued and if the peak pressure required to demolish
damage correrpond to impulses of 120, 90, and 55 psi- a representative Japanese building were 5 psi, the op.
msec, respectively. These impulses would be produced timum height of burst would be about 2,700 ft, and

* midway up a wall SC it high, side-on to the blast from the area of demolition would be about 4.9 square
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MA ~5ft5As"j

DAMAGE-.

Ptavn I Dap rdiu frm 4000b bmb uza atvarious heIbts (intimate).I
miles. Weetesame bomb burst at ground level, the 2.0/1.5 I .3. Since for strong shocksI, the increase
area, of demolition would be about 2.6 square miles on reflection may be much more than twice, this ( U
(using again the assumption that 5 psi is critical for mate is coonservative. 4
demolition). 'this computation indicates a possible Since the bleast intensity i's gr-eater in a lateral di-
90 per cent increase of the effectiveness of an atomio rection when the bomb is air-burst than when it is
bomb by air burst. Weapon Data Sheet 3-A-91" of ground-burst, it is necessary that the intensity me&*-
Chapter 19 was used for this computation. ured above an air-burst bomb be less than that fronm a

A simple argument which shows that it is physi. ground-burst bomb, since the total energy should re.
cally reasonable that damage should be increased by main constant. This Is actually the case, since above
air burst is as follows: If a bomb is burst very high an air-burst bomb the gauge i. high above the triple
above the ground, so that the reflection from the point and the reflected wave does not reinforce the lot
ground occurs much later than does the incident ineidont wave. Hence air burst can be considered as a
shock wave at a gauge also high above the ground, the means of introducing asymmetry into the distribution
free-sir peak pressure exists in the approximately of blast intensity around the bomb, in such a way that
spherical rhock wave. If the same loomb burst& on the in the lateral direction, where the targets are located.
ground, only one (hemispherical) wave is produced, the blast is raore intense, while In the vertical direc.
but the pressure ini the wa-re is t~ie same as that from tion, where there is no target, the blast is less intens.
a tomb of twice the weight, burbt in free Air. (Seo At this point, estimates of the cumulative effect of
Secfton 2.2.3.) According to equation (1), the pros. the improvements from filling, case-weight, and air
eu-re at a fixed dietance from a bomb of twice the burst may be summarized. In Figure 15, the estimated..-
weight would be about 1.5 times that of a bomb of relativ.; sreas of damage fron. 4,000-lb bombs of vran-
ell,-a& weig'it, both being burst in free air. Now sup- ous fillings, case thiekness4.m, and fuzings are repro.
pow~ the bomb is burst at the optimum height above sented as bars whose heights are proportional to eati-
the ground. The shock wave from the imago charge mated relative 4rsaw of damage. A thick-cased bom~b
(C', Figure 2) will add to that from the bomb, and of the 01P type (c/w ratio about 53 per cent) filled
will give at least twice, and, for very strong shock with amatol 50/50 and fuzed iaastantneicously was the 1
waves, several times the pressure from the unit standard demolition bomb used by this country at the
charg-r. If it is asammed that the press ure is just beginning of World War 11. A very thin-cased bomab
doubled, the pressure observed near the triple point fuzed instantaneously filled minol-3 was the latest ... ~.
will be 2.0 times that from the unit charge. Hence, type used by the British. Both the U0 S. and Great
by raising the bomb from the g-round to tho optimum Britain were about to introduce proximity fuzing In
height, the preniure meazured near the ground at a 4,000-lb and larger LC bombs when World War II
fi~xed du"ance aWAY is increased by the factor ended.
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It should be emphasized that this comparison in. Ing walls, ie., until the structure is demolished.
vlves only blat bombs. For many purposesM such as In addition, the hot gases from the detonation an.
damaging subsurface water, gaM, and electric mains, thoroughly mixed with air, and the afterburning
attack of very strong, i.e., blast-resistant structures, process is greatly facilitated by the retention of theinterdiction of roads, railroads, and bridges, and sat- hot gases, at high pressure, by the walls. As a onds. . /

quene, a pressure-time curve determined by mo
imam % of a gauge placed inside a building is similar to that

in Figure 16A, which is a reproduction of an actual
4 - -- * gauge record, obtained as described above. The initial

shock wave and the reflections may be imagined to be
" M., \ .A% .- •, 210101% amsuperimposed on a "hump." This hump is due to the

__ ttiel gr~dual building up of pressure inside the
stu•ture as a result of the heat energy released by
the explosion, both from the original detonation and

WMAZ• from afterburning. The decay of the shock wave (and
consequent transformation of its energy into heat)

Sowua 15. Estimated relative %reas of blast damage can be seen as the damping out of the pressure peaks
from various 4,0004-b bombs. toward the tail of the wave.

tack of troops by fragments, a large blast bomb is .. s- An estimate of the pressure rise in the enclosedsitack or bfroom which arises from the explosion of a quantityThe proximity fud.ng of bombs of the 200-b GP of high explosive can be made, using certain simplify.

.-ype and smaller is not profitable for purposes of in- ng assumptions."' If the walls of the room are per-
creasing the structural damage areas, since the area of feetly rigid, nonconductors of heat, without windows.
effectiveness of thcso bombs, in gnueral, ii less than or other vents, and if all of the available energy of the
the plan ara of a target building, and they, therefore, explosive is realized in the initial detonation and sub-
function beat by penetrating the target and bursting sequent sterburning, the pressure rise Ap in psi is
within it. However, an entirely different purpose i sP (10)
served by bursting fragmentation bombs above the V
ground: it has been shown that for t, a attack of where M is the total heat of combustion of the ex.
troops in slit trenches, and of aircraft protected by plosive in kilocalcries and V the volume of the room
revetments, the fragmentation effectiveness Is in.

* creased by air burst

U Blast in Enclosed Rooms A ya r,"•k•4

HIofG EXPLOSIVES

Thus far, the experimental results that have been •
discussed have had to do with the blast damage effec-
tiveness of the shock wave emitted by a charge deto- 4 . , ="

nated iu the open, and it was asserted tUAt for such e sat (hUM) taut WWI
application, the large thin-cased bomb with a VT Flamm I& Prewurc-timo curve recorded for chapr
fuze is tie best type. In this section, the properties detonated -it-.ln building.
of bombs burst within a target structure will be co in cubic feet. For a gen (large) room, the total poa."
aidered.1"

When a charge is detonated insiie a building, the tie impulse I must be proportional to the heat
initial shock wave is identical with that obtained in evolved-
the open. When this shock wave strikes the walls that I constant X H. (1I)
surround the charge it is reflected and the reflected Suppose, for example, that a 500-lb bomb e.urta
wave bounds back and forth among the walls, floor, inside such a building, whoae volume is 100,000 eu
and roof until its energy has been completely trans. ft. The bomb contains 267 lb of TNT, which has a
formed into heat or until there are no longer confin- heat of combustion of 3.6 kilocaloriea per gram; the
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plreusr rim computed by means of equation(,10), is M8.ais Of course, since an actual building W
is far from the type assumed for thespurpse, the w --"

pressure computed can give onll a very rough me&. -

aurt. of the true presum ..
In order to establish the order of merit for explo. A 1

sive Wigs for bombs that bunst inid target struc- .••.

in collaboration with UKRRI&" Fivre different ero/m•*
plosives, in the form of bare charges u three charge-*i

weights of each explosive were fAred in a heavy rein- TNT".&.
forced cuncrete structure. Piesoelectrie gauges were - - - ""

used to record the presuuretime curves of the blast.
Figure 16A is typical of the oscillograms so obtained. . -

The positive impulse was computed a a function of
time of integration, and the results are cipressed as , -

relative positive impulse versus time. Figure 17 is / .
srageprodc from a report on relative effectiveness of in w t W U to h e W

paleexplosives fired in nearly closed rooms.'" At very small FoUU l& Dpedeno of relative tutd poitlv lmpuli•
times, the relative positive impulses are approximately on relative hel of combustion.
those given in Table 2, Section 2.4.2; i.e., they corre-
spond to those observed in the open. However, at later arlv on the energy liberated by the explosion. Figure
stages in the pressure-time curves, the cumulative 18, in which the relative positive impulses are plotted
positive impult]" relative to each other change from vcrsus the relative heats of combustion (TNT having --

the open air values, and, finally, the order of merit is been chosen the standard explosive), shows clearly
quite different from that in the open. that the simple theory is confirmed. The order of

n..,uation (11) predicts that the relative positive merit of explosives in enclosed roonis is diectly pro-
"i,.pulga (measured to very long times) depends line- portional to their heats of combustiol.

In the case of miuol-2, the change in relative posi-
- -- - -, - tive impule (with TNT as a stnndard) from the

open air value (1.16) to the enclosed room value
(0.91) is'very marked; whereas Ruhiul-2 is one of the
best explosives for open air etPeetivencss, it is one of
the poorest for confined blast. Tritoaal and HBX, on

ma x the other hand, are good explosives both in the open
U and inside buildings. In the opcn, Composition B is

about midway up the scale of explosives, its positive
impulse being about 6 per cent better than that ef

TNT TNT; in enclosed rooms, however, Composition B i.
. M. 2 .the ponrest of the explosives teated.

__ ,-- ~The concete chamber used in the tests described
above was only slightly vented, ".'ith abovt 1 sq ft

P of opening per 500 cu it of volume. k m;re
"usual venting would be about 1 sq ft per 150 cu it o"

AC - volume. Eiperirr.enta.1  carried out in a test chain-
•'• oMPSTi e ter in which venting could be varied over wide ranges

- - - . - - - showed that the order of the relative •asitive impulse V
was not very dapendent on the degrco of venting.

TIME OF iNTA o M =- I ) -U From model-scale testa of the rupture of bioick walls
oresulting from the explosion of a charge within atmFlommd ineU17. Dependence of relative positive impulse oan |rl~e tws oc~ ht h utr fte-;".-.

of nit wa" concluded that th rupture of th
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waIls occur over relatively tong periods of time, and would demolish it. T6 effectiveneess In the opeo w""
. that the integration of the pressure-tim curves in the practically nil, owing to the ulowness of combustion,

enclosed blast experiments to long times (i.e., over the and consequent lack of a shock waye. Even conm-
whole positive duiration, or nearly so) is justified. pared'"-'" to the usual HE Mlings (eg., minol-2)

It is implied by equation (11) that the scaling law in enclosed rooms, these slow-burning explosives
for encloeap blast should be ESBX] bombs were inferior. However, their principal

-1,)"object wax accomplished: the fragments were few and•
Jr._ " (I)) very short range, as that low-flying aircraft would not

" where 3l dd rs are total positive Impulsesrom W be endangered. Combustibles other than aluminum,"
anr Y. pnds 1 aexplosie tive ly ath e W such as coal dust and a mixture of aluminum powde"
andand gasline were tried, but without the partial sur-
ponent in should be equal to unity. In practice, it ceas of the early flake-aluminum bombs.
"was" found that m = 0.9; this further supports the When it was found that the flake ahtnilnum bombs
conclusion that in enclosed rooms the p ,sures PM would function properly only when the flake aluninum
duced are directly proportional to the entqy released wa unpolished"' and that the amount of ench
"and that the heat of combustion of explosives is a aluminum available wu entirely inadequate, the " o u

good measure of their effectiveness under such con- project was dp b irely w nrkers.

ditions. The exponent m from open-air blbt meu . A different point of view was held by ome per.

ments is about 0.67; in the enclosed-room experi.
Snsons in the United Stctes. It was hoped to obtain a

ments the transition from the open air to the enclosrd bomb that would be qutits superior to an ordinary
room type of scaling otcurred at times of the order of high-explosive bomb in enclosed rooms by taking ad-'20 to 4,0 msee after the beginning of the pressure.

time record. This time is shorter than that observed'I vantage of the high heat of combustion possessed by
to elapse between detonation and rupture in their many combustibles. The use of several substances,
model-scale bewerendts such as paraffin, gaoline, petroleum, alumniwn, etc.,

expemenwee proposed for this purpose."' It was realized that
SLow-BuRu•zo EXPLosis the problem lay rin dispersing the combustible quickly

It had long been realized that if the energy of com- in an adequate volume of air, and igniting it in such
plete combustion could somehow be utilized to produce a way that a very rapid combustion would occur.
blast many combustible substances offered possibil- Another proposed use of the SBX principle was in
ities of greatly improving the blast performance of sabotage devices: a small burster containing high ex-
bombs. As was shown in the fortgoing part, the blast plosive could be insertO4 in bags of flour, etc., and

. impulse in enclosed rooms is proportional to the heat cause a dust explosion. Divisions 11 and 19 of the
* of combustion of the explosive. Such substances as NDRC were particularly concerned with this use of

paraffin, gasoline, aluminum, etc., have heats of com. SBX, and experiments were carried out, at the Mary.
bustion two or three times as great as those of ordi- land Research Laboratories,'""' using a burster con-

nary high explosives. It was proposed that a combus saisting of a small charge of granular TNT and magne- "
tible ;udh as aluminum p,-wder be dispersed and sium powder encased in an aluminum tube (the
ignited in air, and that if the combustion were suffl- burster was named Lulu), and, at the Factory Mutual
ciently rapid, the resulting blast would be several Research Corporation,""•' using a charge consisting
times az energetic as that from a corresponding quan- of a pressed mixture of sulphur and aluminum powder
tity of high explosive. (called Sxlex) dispersed and ignited by a small charge

The advantages of a filling for bombs which could of tatryl.
be dropped from low-flying aircraft and fuzed to burst A study was undertaken of various combustible
inside a building after a short delay without injury materials for use as SBX."'"' Many small-scale
to the aircraft from fragments were recognized in experiments (with about two pounds of combustible)
Britain, and experimeuta directed to this end were w'ing flake and powdered aluminum, flour, coal dust, '". i•!

performed.'" benzene, 50/50 gasoline/aluminum powder, etc., were
It was found"' that flake aluminum could be dis- performed."' It wea concluded that the u.e of liquid

perscd and ignited by a tetryl booster of a few pounds hydrocarbons or their mixtures with alumlnum pow.
weight, and that the resulting burning produced pres- der were suitable for SBX and, with the proper weight
cures which, if the bombs were inside a building, and kind of burster, were capable of giving blast Im.
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94 EXPLOSIONS AND EXPLOSIVES MI AM-

paius considerably in excess of those from equal volume than that which the tritonal bomb could do-
Tolums of HE chares fired •une the sa condl- motliaL •

'tiona, i.e., in enclosed rooms. The appartnt7y contra- Although SDX requires further study to make cer.
dictory result that in theae experiments the gaoline/ tain that it is advantageous from a military po!nt of I-.
al tuminumx pwder m•=tr, was well ditperuad end view, tha small-sal results show great promise "a

%-" ipite& and that in the British experimeants it was suggest future Un of -4"~elt-ti ,".
not might be ex-plainea by the differ~ene in the burst- Frmr observ&C ;o_* of' th effect of bomse onts et
on which was found to be exoeeingly important. the AN•-23 Grouva' ooucudled that the w~ewttveneft '

Further testas" on a larger seal. (up to about 40 of a 500-lb GP bomb in a direct hit is about 10 times
lb of combustible) confirmed the earlier finding that that from a neat-mis. This ratio decreasm as the
a mixture of aluminum and gasoline (containing N8 bomb size incrases, and large blast bombs whoms
to 88 per cent of gasoline by weight) could be well effective damage area is greater than that of a given
dispersed and ignited by a suitable bunter, and that target structure, are less effective in direct hits than
the resulting total positive impulse was considerably in near-miskes. With such bombs, a direct hit demol.
greater than that from an HE charge of the same ishes the target structure, but the walls of the building
volumem The use of graoline improves the loading den- struck shield adjacent buildings from the blest, ab.
aity of a charge containing aluminum powder and is sorbing the energy in the blast. For 300- and 1,000-lb
itself one of the best combustiblea. GP bombs, it is, therefore, more important to increase

A typical pressure-time oscillogram from an SBX their direct-hit effectitenzes rather thin their near-
charge (weighing 10 to 11 Ib) fired in an enclosed miss effectiveness. TX.e use of SBX may well offer this
room is represented in Figure 16B. The scales of prIs. advantage: its improved performance in a direct hit
sure and time are the same for Figure. 16A (hlgh-ex- may more than compensate for its lack of near-ss
plosive charge, 13.5 lb of tritonal) and l1B (SBX effectiveness (for SBX is practically without effect .
charge, 10 to 11 lb of aluminum/gasoline mixture), in the open).
The differences between the two are clearly discern- A compromise filling for small (500- or 1,000-1b)
ible: the shock wave from the burster of the SBX GP bombs is suggested by the applicability of equs-
charge has a very low pressure but, as the combustible tion (11) which has been experimentally verified: a
burns, the pressure builds up to a hump and persist. conventional high explosive having an increased alu-
at a high level for a long time relative to the positive minus content (such as TNT/Al, 60/40, or even
duration of the blast from the high explosive. 40/60) should be markedly superior to tritonal in

The relative total positive impulses (on an equal- enclosed rooms and not much less effActivw i. th-. open.
vnlumo basia) from SBX, consisting o! benzene, and Thus the same bomb might be practically as good for
of aluminum/gasoline (Algae), are plotted in Figure cratering, earth shock, etc., and very much better for
18 versus their relative heats of combustion. The data demolition by a direct hit. Mixtures such as TNT/Al,
plotted for SBX are from only an intermediate size, 60/40, have been tested in bombs in the open" and
using about 6.5 lb of benzene or about 10 to 11 lb of were found to give Ilat impulses about equal to those
Algas. Larger charges gave more erratic results, the from tritonal. The total blast impulse from 1NT/A1,
proposed explanation of which had to do with the dir. 60/40, should be about 20 per cent greater than that
proportionately small burster and possibly with the from an equal volume of tritnnal, both being measured
presence of water in the structure when they wore in enclosed rooms. The corrcsponding inrewae for
fired. The experimental results for these two SBX TNT/Al, 40/60, would be about 50 per cent.
materials fall remarkably well on the straight linG An additional advantage to the SBX typo of filling
that expresses the results from high explosives, This lies in its presumably greater incendiary effect. Y lame
indicates that the combustion of the S3X was ad- temperatures remain very high for longer periods,

vanced toward the same degree of completion a was from SBX than from conventional HE.
that of the HE charge� I�.7 The Variation of Peak Pressure

The improvement obtainable from the Algae over a Psv"ewt"'
that from the best of the high explosives can be ex- a w
pressed in terms of the sizes of buildings which bombs Tuxoav froz e Charge

filled with each could presumably demolish: the Algus In the study of explosions and the shock waves
bomb should demolish a building of 55 per cent larger resulting from them, one of the most important and,
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.. ANALYSIS OF EXPERIMENTAL WORK 9S

at the same time, one of the roat difeult problems bs volume, In the second, the ChaprIWJo"-Aap
was to obtain the laws that govern the propagation of oonlitions were assumed to apply. Of the two hyp. :
the shock waves through the air. The need for a theo- thetical states, experimental evidence favors the Chap-
retical solution to this problem was acute, both be- manJouguet detonatioa state.

cause no fundamental understanding of explosion E.•EUMNrrAL RESUL =-IPAU-AU
phenomena was possible without it, and because the a IMUU.
experimeantal difiultie M, m -suring the presure i" -
a shock wave elo, to a charge were great, and tb* The theoretical work applies only to the detonawin.
experiments liable to serious error. On the other hand. o L charge in free ai, L.e, with charge and gauuges
the theoretical diicultie woen o great and, at et, well removed from reflecting srfaces such u the . -

simplifying araumptions had to be made. ground. Unfortunately, relatively few studies of the

By applying the equations of hydrodynamics, with variation of peak pressure with distance in free airi .

additional simplifying assumptions, an approximate have been made. Moreover, until quite recently, the
solutior, wu obtainedf""* for the prolpagtion Of effects of the flow of air pust the gotuge on the reoordA ".

blast waves In air. The straightforward umerical pressure were not recognized, so that the absolute val.
integration of the equations of hydrodynamics is ex- ues of pressure from much of the earlier experimental
ceedingly laborious and was, therefore, applied only work are in doubt, particularly at high&, pressures. -

to a linited extentlI' In all these procedures, the Recent experimental determinations of peak pros. ..
probllem was simplifed by assumptions and the exact - - -

Hugoniot curve for air was not uaed. As a result of -

the limitations imposed by the approximations, an se.
curate numerical solution for the propagation equa. &C .-- -

tions, from the surfice of the charge outward to any
desired distance from it, could not be obtained. -
Asymptotic solutions were obtained for the propaga.'
tion at low pressures, where the assumption could be
made that the entropy change acros the shock front
could be neglected. Other assumptiors lWd to soluticns
valid for regions close to the charge. -

More recently, a new theory was devised"' 1'' which - I .
iuvolves an assumption concerning the shape of the
energy-time curve, which amounts to assuming that - - - "
the pressure-time curve for the blast wave at large dis- -

tances is linear (during the positive phase). The- - -

theory allows use of the exact Hugoniot curve for -
air"' and makes it possible to compute the peak pies- -
sure, powitive impulse, and energy of the shock wave
as a function of distance from the charge, over any
desired range of distance.

In its first form, the theory required two experi-
mentally measured quantities, such as the pressures

at two distances, the presauro and impulse at one dis- - -

tance, etc., in order to evaluate two constanis of iute•
gration of the theory. Later, the necessity o! using
experimental values was eliminated"' by cownidering " - -

the thermodynamic properties of the explosivi ard of
the detonation prodTucts. Two alternative assumptions
concerning the detonation state were presented. In "_ -

one, the "instantaneous" detonation state, the explo- • e t o a I as to at so
sive was imagined to be converted into its p'.oduct. at IgoSTaC f &W% e Tr/r ess e. 7.
high temperature and pre'rire, contained i., its orig- dite o. cuv for capt TNT. frea-rssr.eu
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air are those of UERL,SA'. Princeton University - - - -

Station," ARD,-- and sOG.,, The charges uoId by
UERL were cylindrical cast TNT (3.5 to 41.7 lb),
thou by ARD werm cylindrical cast Composition B - - -

(67 lb), those by SOG were cylindrical caut TNT Je
(11 Tb), and those by Princeton University Station
were rectangular block of pressae TNT (0.5 lb). TheL agreement among UERL, ARD, and SOG results is -"
excellent (after taking into account the differences
due to the use of Composition B by ARD). Moreover, . -

these results fit.the theoretical curve'" within expert.
mental error. The curve obtained by Pinceton Uni.
versity Station, however, is different from the uthers,
being steeper and crossing the theoretical curve. There
is good reason to believe that the Princeton University ,
Station curve is Lot in error, bit that a real difference p -

exists beeause of the shape of the charges. Since the
cyliudrical charge shape is more symmetrical, and
less likely to give special results, it is not surprising is , o•,
that cperiments using them are in better agreement o iTA 6W% * ,
with theory. Figure 19 is a logarithmic plot of the Ftwjaz 20. Looarithtno plot of positive impulse verm.
free-air pressure versus distance curve for cast TNT, distance in free air for coat TNT charpa.
with the scale of distances normalized by dividing by data lie, on the average, 14 per cent above the thee-
the cube root of the charge-weight. retical curv3. Thus, it is again true that the theory

Available data on the delndmnce of positive im- is in agreement with experimental determinations of
pulse on distance in free air are even fewer than for positive in unses, within the uncertainty of the latter.
peak prcuru. Only the data of UFRL"-'* and Figure 20 is a plot of the positive impulse versus dis-
SOG" are available for this purpose. The data from tauco in free air for cast TNT charges, with both
UERL are internally consistent and lie 6 per cent quantitica divided by the cube root of the weight of
belew the theoretical curve, on the average. The 800 the charge.

.1?,

L !L

- ITANCE .dPWVS T/LBI VS
"Fson. 21. 'Theoretical positive Impulas versus distance, eut TNT In free air.

CONFIDENTIALT"iF.-

tC



ANALYSTS OF EXPERIMENTAL WORC 97

5005

Ie Lit

IIS CA STE T/ N VT /L

FIoGam 22. Pr auro-d&taumc curvea, experigmeatal -)arld theoretieW (

CONFIDENT.IAL



99 EXPLbSIONS AND EXPLOSIVES MN All

4- -

3

A~ Vz:-

SYSLM-,, - z zWCz -.

A- - - - ' --- N

A

- -5 - - .a 013 2

D1- STA 1-4 -E -A I N- /L

Iou 2 -Peauz-46ao cuv -aprana an - ar~a) fo gon -bs -to ancags

CONTIENTIA



.1 ~~ANALYSI Or 1~Ea1MENTAL YOUK9

The theory predicts, a very intereting behavior of at the greter distances on Woh plaoleIctn caugp
the positive impulse at nuall distances from the measuremnenta sand velocity meamssueenta. The suioo&

*ebarge: as the distance from the charge is increased carve of Figure $$ represents these data; no mnpmt,-
begiinng at its surface, the positive impulses L'st ison with theory is available, since the new theorfs'
rise and reach a ma;ximum, then decrease Figure 21 has not L~en applied, numerically. to pentolita. On tlse
is a plot of the theoretical positive iinpuLte versus dis. same graph, however, tha theoretical preuur*4id1m
tanca curve fox apkwrical. charges of ca"'MilT an a curve for cast TNT is plottad for aomparlma

SYt.MOL SO4.flCE TYPr. OFC~

0 'T' )U.zIL.( C' !l

..

OISTANCJC 4jVj'fJUFT/L8 r
Ficim 2C. Exptrimental pasitive Impulme i-.eaus distance curves (on ground) frorm varlous scuras.

smaller scale than that of Figure 20 and with a greater EXPEMMENTu ItzavuLs - GnouNrn-Lam.
ran--e of distance. The existence of the maximum, PurssazsU AN]) IMPUTSES
which occur& at about 1 ft from a charge weighing As described in Section 2.4.5, a charge detonating

*1 lb, has never been confirmed by exprriment, since on tho ground produces a ?.',"t wave having the pro.
pre& ures at this distance arc in excess of 1,000 psi sures and impulses that a charge of twice the weight1

Measurements of peak pressure, very close to the vould give in free air, providing there were no craew,
charge,'" at intermediate dista~nces,19u and in the and providing the ground were a perfect reflector of

lcal charges of pentolite, centrally initiated, have bcen formed, and the ground absorbs energy from the

made. Those close to tho charge are based on shock- shock waye as it proceeds. Moreover, differecs Iin
velority maeasurements (swe Section 2.3.3) and those soil caD cause different degrees of energy absorption.
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IL L .' rather more seatterlna sdlts can be measurements of the blast from •)nb of all "4sau,•'•" ! •is t'olid when 'he charges are resting the defets of thbe cane being taken into account. r ,.

d , than when they are detonated in free next lower curve is that from a large mumb&- of
"result of such uncertainfse, the free-air British measurements of the blast from bare charges

ca serve only a a theoretik . upper limit to of Composition B.°2041@0G"I's The curve from "
A intenuity for ground-hurst charges. UERL measurementa of the blast from 10-lb eharge-

"Ixperimental measurements of ground-burst blast of TNTP" is very clos to the British bare-charge
pressures and impulses are available from, several curve. The BRL results'" from borma nad larle banr
sources. In order to obtain a representative sample of charges are somewhat higher than those represented
these -.neasuremezts, some results from British Labo- by Weapon Data Sheet UAP. The Princeton messare-
ratories (REEL and A.MD), UBL, Princeton Univer. ments in which IA-lb rectangular blocks of TNT were
sity Station, and BRL have been compiled, averaged, msed'" are very close to the British and UERL bare-
and plotted in Figures is and 24. a, large range of charge result., but the latter curves are noi so steep.
rtil conditions, climate, charge sizes, and a narrow Effects that are due to the special charge shape may
range of gauge heights are involved. All BRL meas- be involved. A theoretical curve, based on the free-air
urements were made widh the bomb supported a short curve from theory but using doubled charge-weight,
distance off the ground, an, a correction for this was is also given. A striking difference between thbs curve
necessary. For meazurement. where bombs or other and the experimena I ones is that the latter are
eased charges were used, the result. have been ad- straight lines, whereas the theoretical curve is concave
lu•ted so that all plotted values refer to bare charges. downward. Presumably, the special reflection and ab-
Differences in explosives w-re also taken into account sorption effects of the ground are responsible for this
by use of the data of Section 2.4.2. difference. In Figure 24, as in Figure 23, the curves

In. Figure 23, the highest curve (rreasure versus seem to be progressively higher, the lerger the weight
distance) is that from BlL results'" on bombs of of charge.
all sizes, charge-w-3ight 'atios, etc., adjusted by use An interesting feature of these curves is the lov,, -
of a function such as that of Figure 5 for the effect rate of decay with distance of both pressure and im-
of the bomb case. The next higher curve is that from pulse for bare charges as compared with bombs and
bare charges of Composition B, varying from 8 to the greater rate of decay for ground-burut charges
550 lb but mostly about 67 lb.'"".1.''61  Data than for freo-air charges (compare Figures 19 and
from RRL and ARD were averaged for this curve. 20). For comparison, the curves obtained by using the
The effect of the difference in blast between TNT free-air results for charges ,f doubled weight (to take
and Composition B was taken into account. The curve into account ground reflection) are also plotted in
for 10-lb bare chaages of TNT, determined both by Figures 23 and 24.
means of piezoelectrie gauges and the shock-wave.
velocity technique"15  is almost indistinguishable from 1.u The Air Blast from Line Charges;
the British bare-charge results. The theoretically pro- Mine Field Clearance
dieted curve is also plotted. This curve was obtained THEORY i F C r
by taking the free-air pressurea for a doubled charge- The basic principles of the theory"' of propagation
weight and should represent an upper limit, since the of shock waves from explosive sources in air and
ground ia not a perfectly rigid reflector. Although the water have been applied to a line charge, i.e., to a
e~dence from the differeiae between the curves from charge one of whose dimensions is much greater than
large charges and sumall is by no means convinc'ng the other two. This theory'* takes into account the
that the principle of similitude does not hold exactly, finite detonation velocity of the explosive and is ap-
the direction in which deviations from exact scaling plicable to an infinitely long cylindrical stick, initi.
occur is the one which fits the reasoning of Sec- ated at one end. By assuming the detonation vel..-
tien 2.4.3. ity infinitely, great, a simplified Eet ef equations is

In rigure 24 (positive impulses versus distance) obtained which is applicable -it rather large distances
the cuze on which Weapon Data Sheet 3A29" of from the charge. The theoretically predicted pressuie

* Chapter 19 is based is considered the most generally and impulse versus distance curves for an infinitely
applicable one for moderately large charges. This long cylindrical charge of cast TNT detonated in free
curve was obtained principally from many British sir are given in Figures 25 and 26. The scales of im-
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puls with distance is lIss tam for point charges.
There is a predicted maximum in the positive Impulse
versus distance cur"e for line charges st wel as fat

-l pcint charge.. The existence of this maximum baa not
been demnonstrated experimentally fivr, as Is tl ease

M with point charges, messurements of positive impiilslu
so close to the charge aue very diffcult. In both aumks
the maximum is predictea to occr at a distance frm(thee carge where the peakpressuru inof tbeorder *I
1,000 pd. The possible existence of this maxi um
mAY have a great practical importance in clearing
mine fields by use of explosives. (See part S below.)

CLEA NCICR OF MIMSz PSD ]IT EZWZLoezn

Land mince tonstitute onle of the =Ane elfective do-
fensive weapons; their use in very large numbere
often practically immobilized the mechanized units of

- - ~advancing armies Pnd exacted a lapg toll of kldled
51 and injured troops aud crippled vehicles. One of the

DISANMC *V% GIFT&@% most acute problems in ordnance was the development
PYwur'Z 2&. TheortIcal dcendeaes of peak ptwours a& of means of detecting, removing and exploding land
diatnes from line harpg o cu at TNT. mines sown by the enemy. To do this, many devices

pulse and distance are normoalized by dividing eac& were employed, zone with coniplote success Among
by -.'IW, where W is the charge-weight per loot; the other methods of mine field clearancle, an impor-
square root rather than the cube root isl the scalinig taint one used expiosives; the blast from explosive. I
factor for line charges. charges was capable of causing the fuzes of some

The general shapes of the pressure &;iud impulse types, o'f mines to function. For -physical properties
versus distance curves for line charges. are very aim- of line charges, ace Weapon Data Sbeet 1M~b of
Ilar to those for point charges (compare Figures 21, Chapter 19.1l5
22). The principal difference is that, for line chairges, Two general types of mines were uuld (1) Anti.
the rate of decrease of peak preasure and positive imm ts.nk mines were so devised that iŽle pressure of a

o,

4 f 941

,X .01160 J 45* .2. A A AA I Lb 23 4 56 0do2 30 l O40 40 00
OSTANCE V IN FT/LB8

Ficiuu S&. Theoretical depeaderice of poslitive kapulse an diatnca from lUna sharp of osut TNT.
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heavy vehicle such as a tank would explode the mine, nake &kidded along the ground', propelled by a rocket
but the weight of a man ws insufficient. (2) Anti- mounted in its nose; and the flexible hose was to be
personnel mines were fitted with trip wires, trigger, paid out by a rapidly roning wheel or by a rocke•
etc., which *ould cause the fuze to funetion even ii launched from an armored vehicle toward the min-
they were only slightly disturbed. Both types of mines field.
were uaually used in the same field; the antitank For clearance of antitank mines, much heaver sz-
mines wade the passage through the fid hazardous plosive charges must he aed tVan tor antipero•onne
for armored vehilee, and the antipersonnel mines were mines, both because of the relative insensitivity of t.-
equally hazardous for the sappers who entered the field former to blast, and becas a wide Uana is required
in advknce of tanks to detect and dearna the mines, for large vehicles. Some of the lirx.. charges developed
In addition, the field was usually under enemy fire. for clearing antitank minos were: (1) snake, MSAi,"•

Explosives in the form of bombs, and other special and M30" consisting of overlapping corrugated steel
point chargee, line charges, and "plane" charges were or aluminum platez bolted together to fonu two
used or tested. Aerial bombing of mine. fields, using parallel troughs in which special cartridges of explo.
"iavy depth bombs and 500-lb OP bombs, was tested,"s sive were placed; (2) a flexible hose'0' (the dragon
"a"ad static trials of bombe suspended at variouR heights or tank hose) similar to the infantry hose but of 3-in.
abovt a mine field to simulate air-burst bombs were diameter; and (3) the projected line charge (PLC]
erried out. Alternate explosive fillinge (TNT and consisting of a cloth tube containing plastic explosive
tritonal) were evaluated for mine field clearance. 1" (Composition C3) provided with an axial nylon rope
It was found that air-burst bombs cleared mines and constricted at short intervals by tying vith twine.
to a greater distance than did ground-burst bombs, The snakes were assembled in the rear and then towed
and that bombs filled with tritonal were more effec- to the edge of the mine field, whence they were pushed
tive than those filled with TNT. (Similar tests, using by a tank into the field, and then detonated. The tank
rocket h'eads filled TNT and torpex-1'19 showed that hose was to be launched by projection from a rocket
torpex was markedly superior to TNT.) On the whole, tube mounted on a tank. The PLC was to be tied to a
however, aerial bombing of mine field -was considered rocket (the coiled charge ad rocket being towed by a
an ineffective method, largely owing to the scatter in tank to the edge of the mine field) And lcunc";ed
the poiats.of burst, which neceitated a very heavy through the air.
bombing to insure that a continuous path would be For clearance of S mines, which were very blast r•-
cleared. Eveu under the conditions of the test, rhen siatant, a plane charge, consisting of a mat of woven
the tarýet mine field wa3 well marked, many lombs Primacord, was developedW."'-'" TL's charge (the
missed it entirely. o carpet-roll torpedo) was to be lanched by i.ckets

For use in clearance of mine lields, line charges of propelling tlie roll across the mine f6lAd and unrolling ...

several types were developed by the U. S. Army Engi- as it went.
neer Board, at Fort Pierce, Florida, aud the A. P. All of the wcapo•s deoscribe-d were capable of clear- ,
Hill Military Reservation, Virginia. Antipersonnel Ing mines, but each hat its disadvantages. The chief
miue-clearing devices were line charges of low N.eight difllculty was that a charge that was capable of clear-
of exploive per foot, intended to be launched by a ing an adequate path was heavy and cumbersome, and
variety of means over a mine field, and detonated., in the process of laying the charge, personnel were
Some of these devices were: (1) detonating cord cable exposed to enemy fire. Detonation of a large charge
kit, Ml,°" consisting of a coil of flexible explosive near a iank endangers the tank and occupants. How-
"#trope" composed of 13 (and later 19) strands of ever, the btast effect inside the tank is not normally .
Prirmaeord detonating fuze; (2) infantry snake, mine- hazardous to perscnnel.""
clearing antipersonnel M1,'2 consisting of an assem- In order to test miae field clearing devicue, mines

. bly of corrugated magnesium-alloy channels bolted simulating certain enemy types in all possible respects ".
* together and filled with two rows of paper-wrapped were developed and produced in quantity. These .

explosive charges; and (3) a flexible hose%".' 6 3 " dummy mines were filled with inert material, and the
(the infautry hose), I in. in diameter, which could be fuze was so arranged that it could be determined, after
laid acro•s the mine field and filled, in sits, with a the test, whether or not an actual mine fuze would
liquid explosive. The dewsnating cord was launched have functioned. The universal indicator mine'"" 1 ' .7
through the air by means of a rocket; the infantry was developed by the Gulf Research and Develop-
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nmin Cosnpany, Divisloc 17, NDRC, to serve, as Its A simple theory of the response of simulated Tellet%
*name implics, as a mine that culd be calibrated mine 43 (TUI-431 to blast was developed P this wee

against any type of actual mine.~ 'no results of tests later applied to the response of the universal indater
using the univerasi indicator tafie could be used to mine.' 1"A These theories tequire a knowledg of
predict the clearance oe moat types of mines with the pressure-distance and impulsedistanco curves for

*which it had bcn compared. Mine field& consisting of ecexlsve charge to which the theory isto beap-
*these and other indcaor -ines were laid, out in the plied.-
way best calculated to yiela results of statistical va~d.
ity, and the explosive charge beiiS tested was deto-
nated among them. The mines were then unco'iered* O

and their fuzes examined.& - .

Experimental data on the clearance of many types -

of mines by various types of explosive charges are con- I-i
tained in tho reports of the U.S& Army Engineer ,1

Board;II&"16111*.lS'1 these data have been analysed ~*T3~
Group, Princeton University."'1 It is clear from these4+

data that typo of snil, time since burial, depth of

tors in actermfliiig the distance from the charge at T r`F1 i
which a mino may be detonated by blast.

burial n3 motr in th soi aoe adl imposen a inm

Illm Wit ovn 2&. Pstve impue versus tdoaaie fr uslo
lUne ehArges.

a In Great Britain investigations of the functioning
of German mines and simulated mines, theoretical

A ~studies of their response to blast loading,"'6 develop.
- ment of line charges, and measurement of the blast

- intensities from line charges'" 1"'1 have boen carried

If mines are more deeply buried than 2 in. be.
- --low the surface of the ground, it is found that, in a

- - - - narrow belt just beyond the crater from the explosive
a4s a -aois ad idw W~ Q charge, a large fraction of the mince are not detonated,

olaunds a F and, in~ecd, many mines are rendered more sensitive
T.Novas 27. Peak prsewure versus distance for vatious and, therefore, hazardous. Beyond this region it is 7
Uine abria. found that essentially a&H mines are cleared for a car-
Although it was known froin experiment that the tama distance; at still greater difftances, the fraction

blast from line charges was capable of detonating of mines detonated falls off rapidly. This phenomenon
mines, there was at first no way other than trial and (of low expectution of detonation near the crater)
error to predict the performance of new types of is called the "skip effect" or "probability dip." It con.
charges, or of old types with new explosive fl~lings. atitutes a serious disadvantage of the explosive method
Two things were needed:. firsit, an applicable theory of of clearit~g mine fields, since it is precisely in and ad-
the funnut.oniiig of mines, relating the phyeical prop- jacent to the crater that tanks must travel. Many hy.
erties of tho fuzes to the parameters describing tho in- potheses havi' 1een advanced to account for the skip
tensity of theo blast, and second, measurements of the effect, but none has b 'een verified by experiment. It
peak pressurie tnd positive impulse in the blast from may be that the existence of a maximum in the im-
various line ,.harges. pulse vertus distance curve (Figure 2e) is somehow
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responsible for the effect. Another hypothesis Is that the line charges mentioned above."' In Figures 27
earth-borne shock is responsible; the skip flfect is. and 28 these results are plotted as functions of dis-
not observed with air-burst point charges. tance from the charge. In Figures 29 and 30 the -ame

EXPnRUINTAL PLAN PnzssunZ AND Poar8v results are represented on a reduced scale by dividing

ImPuLsE vmtsUS DISTANCE CumVES the distances and positive impulses by the square root

Blast pressures and positive impulses were meas- of the earga-weight per !oot, in each ease. The ratio&

ured &long the perpendicular bisectors of several of of lengths of charge L (ft) to square root of weights
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ANAL-I OF P MIrs i X ITAL WOR K

IX TNCCT dfW I FT , •LA
IF1oQU 30A Positive Impubes veretu distance toie schag.

per foot, WI (lb per ft)i art indica for each to the charge are independent of the position along
charge. In Table 5 the data on the physical properties the charge. Near the end% of the charge, however, this

* , of the lim charges used are listed. in not true,
British rneasuromentatIL21 have shown that, over The application of the square root scaling principle

6 Lwat px.t of the length of the line charge, the pres. to the i- and 34u. liquid-filled hose was found to be
stum. rnd impulses measured along lines perpendicular roughly applicable. Since the charges were not infi.

nitely long, It was necessary also to scaP the lengths
Tzmmn L Dimewdom0 and weights of Uine charges." of the charges in the game way, i~e,, to keep LI/WA .

- "-- '-- . . . fixed. That the blast pressures and impusse from
cI•JtIY. WIO , C hu /,t charges of all types do not fall on the same curvesCW 30 atWh WIQ) when the impulses and distances are reduced by the

Detonatins PETlNt 0.078 30 Fowril 0.032 square root of the charge-weight per foot (se Figures
n try TNT/NO 2t/lt 0.04 1 MInTluD 29, 30) is due to a combination of the effects of difer.

Mike &Uosy 0.54 ent values of LIWI, different charge-weight ratios,
Snfatat' different explosive fillings, and different cross-sectional
hose shapes of charge. Experimenta &how that, for presures
(1.in. hose) ESOU • 0.47 50 Imprepnatod measured opposite the center of the charge, L/WI is
Tank hos Fiesili 0.040 euentially "infinite" if it is greater than about 80 --
(5-4. hbow) kL389Bt 4.5 164 Imprognated

Fil.rgl.: 0.15 fit/li
M3 swake Amatol 80/20 14.4 3W0 A A remarkable feature of the impulse versus .i"tanct

curves is the inflection in slope. There Is a range of
n~t tm...,- m in etua w ta. otbr i s y b .4 distance from the charge over which the impulse

Lout 6 d ci r tco t. L. & "t im t tU •-. changes very little; this is Tredicted by the theory. 1 t•rtrTWma stms& of Pdatrtcod &totattL lu" oat&Wmd to a ova N.
Imtpsrted outw jaskt rPut*w. 6o01 b ,.r. t vw aM No quantitative comparison with the theoretical pro.
.ieedyax u Was I., the datecaUng o" diction can be made because of unkno,,n effects of the
2z16e% bN t @omv%, uoa: mctjswtI*" (NO) 50.0%. DTNT 1 differences in f•li"g, case, and shape, and, because the
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106 EXPLOSIONS AND EXPLOSIVES IN AM

tQory applies to detonation in free air, whereas all TAs, &. Comparison of tcams i n dnata I-"- "
of the line charges were fired on the ground. An ap- with that p"dtd by th• ....

proximate estimate of the ground-level values for - "d' . .TNT from the theoretical results for free air can be .ho u Trt," C w -Distanae for •..
obtained by computing the pressures and impulses C•r, Depth of bmtal 00) O0% atelrame s (f'"
from twice the weight of chargen. Obferned Camp itc

Th re a several methods by whi& the edectire. AK-V,.-4 14.
ness of the line-charge weapons cmu be increased. Al. (89-6 TN" 4 1.I6 19

4 14 1T
moat any explosive givea greater blast than amatol B, TNT, S&M 4 LT
80/20. For example, aluminized explosives might In. Sanre TNT, 64.4b 4 IT I.5
crease the width of cleared path by about 30 per cent B. Zd,, cargn, Une WimW a sw
or pokeibly mor&. The skip effect might also be re.- Dtano for mine ma".ng
duced with superior explosives. The cme-weight Wt of h Depth of burial equal to 0.80 I. h(t).Q
should obviously be held to a minimum; 'he M2A1 (lb/ft) (n0) Obeerved Computt.
snake, made with steel plates, is less effective than is 4.8 2 28 37
the M3 snake, which is made with aluminum; the 4 23 3-6 20 2
latter has a total weight 3,000 lb lead. Utilizing air 10 2 28 82
"burst, if it were feasible, would also increase the effec 4 25
tivenes of line charges, u has been shown by experi- 6 2 M
ment.s" 4 34 74

The theory'""4 " can be applied to predict the 6 28-37 69
clearance of certain mines calibrated against the uni.
versal indicator mine, as well as to the T1!i-43 indi- .t low atmospheric pressures. That both temperature
cater mine. In Table 6 a few predictions so calculated and pressure affect the propagation of blast wares is
are compared with experimental results. Although the known from dimensional arguments. Expressions
thenry gives good agreement with experiment for point have been obtained for such effects.".
chargea, it *predicts too wide a cleared path for line The theory of propagationu' of shock waves from
charges; the fault may lie with one of the simplifica- exploaive sources in air and water has been applied to
tious of the theory, namely, that the pressure-time the propagation of blast waves in regions where at-
curve can be considered linear. Experiment'" shows mospherie pressure and temperature were different
that, in the region of interest, tih pressure-time curver from those at sea level"' It was assumed tLat the
are more nearly exponential than linear. energy delivered by the explosion to the atmospher"

"The use of line charges, such as sections of bi8 was the same at ull altitudes. It is predicted that both
snakes, has been proposed as a demolition device to be peak pressure and positive impulse are loes the
used against defended towns: it was suggested that greater the altitude; the change of ahape of the pres.
charges could be pushed into streets by tanks and de- *ure-distance and impulce-distanee curves were ccm-
tonated after withdrawing the tanks. Computaticns puted.
of the expected areas of damage from these deovice The blast measurement groups of the SOG at Tulsa,
using the impulse criterion for blast damage indicate Oklahoma, measured the blaAt from cbarges fired at

bmet the line charge, so used, would have a higher three elevations above sea level: 650, 6,600, and 14,100
MAE per ton, than would ordinary bombs using the ft, in order to determine the effect of atmospheric
samo fllling. This,* however, Is not ordinarily an eco- prescure on the pressures and impulses from three
nomical method of delivering explosive, kinds of exploaives; tritonal, TNT, and brasting gel-

atin were used."1 Blast measurements were made at
•.o The Efcect of Atmospheric Pressure four distances from fho charge in free air. Within the ",

on Peak Pressures aaid Pouitivo Impu1ita experimental error, it was found that the efects ofchanges in atmospheric pressure on peak presaure and
Almost all measurements of blast pressures have positive lmpulze are independent of distance from the

been made at elevations not far above sea level. Some charge and nature of the explosive, and that the ro-
110C5 for explosives, however, might involve the deto- sults are not significantly different from theorotical
nation of chargee far from swa level, and consequently prediction.
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The effects of the atmospheric pressure on the blast, cal height to diameter were used. These measurements
expressed as the average peak pressures and positive were made at distancm roughly eorresponding to ther"s
impulses relative to those near sea level are given in in the bomb trials mentioned above (i.e., after allow.
Table 7. The theoretical preiietions for cast TNT are ing for the difference in weigh'j). Allhough the effects
also included nr comparison. varied considerably, depending on the explosive used,

Although ',-j experiments showed no significat in general it was found that the blast pressure and
difterences in the effect of altitude on press-re and impulses measured opposite the base of the charge
impulses depending upon the nature of the explosive were greater than those oppoaits the "aide,* when the
or gauge-to-charge 0iritance, the theory predicts that charge was a squat cylinder having a diameter equal to
over a very wide range of distance (much wider than twice its he'ght.
that in the experiments) the effects depend upon both Another series of trials,"' using Germsn 1,000-kg
the kinht of explosive rua the distance from the charge. bombs of elliptical cross section, showed that the blast

-Taensured perpendicular to the major axis of the
T•sa ?. Effect of atmowpherlo prsure on peak charge was more intense than that perpendicular to
pressure nd pimitIve limpuls." the minor axie.

Althtude 0,0 ft. 14,100 ft. These blast measurements for bombs and small
Averageatmos- charges were made at relatively great distances from
pheino pressure the charge, and, in many cues, asymmetries in the
Average te1. pressures were found as described above. Other mes-
persture (F) 70 39 surements'" of flame velocities very close to the

POP, . 1, -Wi 111- charge (from which pressures could be computed)
F.,xper~mentA' 1 0.g3 O8O •30,.7,02 showed a marked asymmetry when ctylindrical charges"Ermetlalt 0.93L.026 0.97+.039 0.82 O.0 were used. Photographs of the shock wave" close toTheoretical# 10.00 0.93 10.82 0.8? cylindrical bare charges with flat ends showed com.

O8ub~ewitsla (4t.:t*ltvatl*A (10 SNvo ua loyal: I50Wt.2- S-C It, plicated wave patterns .which were interpreted u the14.100 &tinteractions of the shock waves irom the cylindrical

1.410 Miscellaneous Experimental Restults aid plane parts of the charge. Several shocks could. be"
observed, particularly off the corners and bue of the

Tus Erscr- or CluLnOK SHaPY ON TuB BLAsT charge. In the measurements of blast pressures oppo-
Most explosive charges of military importance are cite the base of cylindrical charges" the pressure. .

I not spherical in Shape, aend for some applications, it time osci1logrumen exhibited second and even third
is important to know the blast intensities in all direc. shocks closely following each other iu the positive
tions from the charge. Unfortunately, vwry few studies phase, in addition to the initial peaks. It can be in.
have been made of the blast pressures in various di. ferred that these extra shocks correspond to the shock
rections around charges; comparisons of explosives, wives photographed very close to the charge.
for example, have usually been based upon measure- There is need for further work along these lines.
ments along lines perpendicular to the axis of the The evolution of the chock waves from charges of sey.
charge, i.e., approxirutaly in the piane of its equator. oral shapes, beginning at the surface of the charge and

In one series of trials, the ARDIu measured the extending to large distances from it, should be studied
blast in various directions around 500-lb MC bombs aystenatically.
which were supported with their axes horizontol a few
feet from the ground. It was concluded that over the Tux BLAST MEASURED NEAA TU. IL BxCI Or A
range of measurement (which was from 30 to 80 ft RocErT L.A•cu"n.
from the bomb) the pressure and impulse versus die- Blast pressures were measured"' near the jets
tance curves were not significantly different in dider- from 5-in. spin-stabilized rockots in order to provide
ant directions, data that could be used in designing the mountings of

That the blast pressures (and impulses) are not such launchers on aircraft and other vehiclem. 7.t was
equal for all orientations around the charges for some thought that the air blast caused by the jets might be
charge shapes, was demonstrated for rectangular responsible for damage to exposed airraft surfaces,
blocks of TNT,"' and for cylindrical charges of vari- for example.
ous explosives"l in which two proportions of cylindri. These measurements were made at various distances
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106 EXPLOSIONS AND EXPLOSIVE.S .. AM

behind the breech, and 6 to 1V in. oa the axis 4f the Tests simulating the piling of explosives, in eurtha
launcher. One gauge, placed on the axis, and about 10 irvetmenta demonstrated that the revetment afforded
ft behind the breech, rwcorded about 0.4 psi; th, little, if any, protection to adjacent igloos from the
highest pressure measured was about 1 psi. The pres. blast. The shape of the pile of explosives simulating
sure-time records consisted of high-frequency tsoout that in an igloo (a long narrow pile), and also at.
6- to 10-ko) oscillations enduring for 100 uus cc ranged in a revetment in a less elongated pile, was
morm. Theme oscillations were interpreted to be due to found to affect the distribution of blast pressur.
turbulence surrounding thz set around the charge. The pre-ures measured opposite

the middle of the elongited pile were higher than those
Tin BLAST r0kox MODEL 1oroo-TIN Mcpuxm obtained opposite the side of the shorter pile. The
STORAOU MAOCLIAUa presence of an earth cover, in other teats, also affected -

The problem of storage of large quantities of high the asymmnet"y of the blast; the blast from the uno-v.
explosives became very acte at the end of the warw ere and with the door was found to be conaideraly
Exit'ng magazine facilitie. were inadequate, and con. more intense than that from the thickly covered rear.
struction of new magazines would require greatly in- These observations might be useful in so arranging
creasew storage areas, if the previous standard inter- magazines that the strongest part of a target igloo is
magazine di,,tances were to be ased. opposite the part of its neigl-,or from which the great.

On behalf of the Army-Navy Explosives Safety eat blast intensity is expected.
Board, teats of the effects of full-scale magazine ex. The probabilities of certain types of chains of sym.
plosions on adjacent magazines wore carried out at pathetic deionations in a magazine field have been
Arco, Idaho, in the autumn of 1945. Blast-pressure cowputed for various probabilities that one magazine

"* measurements, u well as many other types of measure. could be sympathetically detonated by the accidertal
ments, were made. "Target* magazines, placed at the explosion of a neighboring magazine."O It was con.
standard spacing, as well as at proposed closer dim- eluded that, in a two-4imer.sional uniform array of
tanee from the exploded magazines, were found to aur. magazines, if the chauce that a single transfer will
viva the blast. In order to boeudy further the charac- take place are one in five, siy, the probability that no
teristics of explosions of igloo-type storage magazinces more than four magazines Vill explode is not less than
one-tenth scale model tests were carried out later at 0.53. The dying out of cha•ns of sympathetic explo-
"UERL. siens in a magazine area cannot be counted upon as

Reinforced coucrete model igloos were constrveted an insurance that no catastrophe will occur if the
at the Univeraity of Illinois"' under contract with magazines are arranged uniformly in two dimensions.
Division 2, NDRC, and were tested by UERL' In
one test the igloos were arranged in a manner closely 5 SOME PROPOSALS 1'Ot FUTURE WORKC
patterned after that used on the full-scale tests, and
blast-pressure measurements were made. It was found The foregoing account of the theory and expert.
that. the blast pressures measured in these model tests meets dealing with air brit from explosives clearly
wore in good agreement with thoso of the fufl-e-sle tests, thows that there is need fcr more work In this field.
using the cube root scaling law. Howeve., the damage A few lines of investigation u'hich seem necessary to
to target magazines was more severe in the model tests Improve existing knowledge of shock waves in air are
thin in the full-scale tests. Although this difference indicated in the following.
might have been due to failures to conform to the The applicability of the cube root scaling to point
model lars or to differences iu the construction details charge explosions end of Ksaare root scaling to line
of the model and full-scale igloos, it is also possible charges should be thoroug'zly studied, and, if these
that the greater damage in the model tests was due to scaling principles are found not to be strictly applic-
a difference in the type of soil, with corresponding dif. able, the causes of this failzre should be investigated.
ference in the earth shock transmitted. This iavol-.es determination of the peak pressure and

The model tests demonstrated that the effect of the positive impulse versus d .tance curves over a wide I
earth cover on an exploded magazine is to reduce range of diatance from the c!Arge' and for a wide range
greatly the air blast from the explosion of Its contents, of charge-weights.

sThese results have not yet beau formally reported. Au The afterburning phen aenon should be studied
Informal report on one teat is In reference 22% further, and aw attempt shtild be made to obtain co•-.
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plate detailed Information on the chemical .rocessee formation to evaluation and "esig of protecti4 hat-
. that occur and the basic principles involved. After- ricades and to the penetration of blast into holm &a

burning should be studie using a variety of expl,- slots should be made.
S sires. The reactions of simple system under blast loadiug

The effects on the blast of the shar'e of the charge, should be investigated and theoretical work should go
of the weight of case anid of the material of which the hand in hand with the experiments. Th ultimate
ean is made should be investipted using a variety of purpose of su.h work should be to estabt well. --

r .oexplosive R l defined criteria by which weapon effectiveness can be
Comparisons with theoretical predictiova of blast amese."eL

i from exOiosive charges Phould be made, using both The subject of detonation in gaseous mixturs has
point and line charges, the measurements being made been experimentally and theoretically attacked. Fur.
sumciently close to the chaig to test the existence of ther work in this field, however, is needed. The air
predicted maxima In the impulse versus distance blast from gas-explosion souces should be mesured.
curves New experimental techniques are needed for much

The pressures and impulses In aU directions from of this wo-k The eondenber-mierophone gauge is very
line charges should be ineasured, and the effects of promising for application where the use of pienoeleo.
length of charge, cmos sectional shape, and weight tric gauges is difficult. Methods of preusure-time meas-
and material of case on the blast should be investi. urement very close to explosive charges must do.
gatoLd veloped. Apparatus for measuring transient tempera.

* The properties of the negative phase (suction) tures anA particle velocities would be very useful. Ex-
from both point and line charges should be studied. isting photographic techniques should be improved
The origin and properties of the "secondary" peak and such measurements as explosion flame spectra at
which is usually obaerved at or after the positive dura- high speed undertaken. Now met.hauical gauges would
tion time should also be investigated, supply much needed apparatus for certaiu purposes.

The measurerments c• , reuures anul impulses from These problemn, and many others, have an obvious
shocks obliquely reflected from plane surfaces should bearinS on present or potential milita•y applications.
be continued and extended to include the whole ex. However, the study of air-blast phenomeua shoula be
porimcntaUy accesible region around an air-burst undertaken, at least in part, with the point of view of
charge. Photographic studies of the ronc.tiuns of acquiring a body of information which affords a really

S shocks should be pursued further. broad understanding of their nature and which pro-
The refraction of shock waves arouud corners should vides siqI~dent factual basis for 4evelopment of

"be explored, and the particular applications of this in- weapons in ways not now foreseen.
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EXPLOSIONS IN EARTH

MMITRODUCTMON of boinbs and density of attack be uWse 6 1-.
a reasonable chance of snucm..'

Object of the Investfgation If Industries and Military installations are in the
Ziu Pittmny purpose of the investigations described future placed underground to protect them against
.ithis chapter was to determine the effect of sub. even more destructive explosives than have been gen.

suriace explosions on massive underground structures, Orally used, then the propagation of Arth a an-
such as fortifications, in order to provide a rational its effect on structures becomeb the primary concern
basis of design for structures to resist such attack and of both the designer and the attacker of such instal.

also to disclose the possibilities of such methods of lations.
attack on enemy structures.' The investigation of them 3.2 Previous Investigations
problems was undertaken by the Committee on Pa..
sive Protection Against Bombing [CPPAB] (later Before 1939, essentially the only systematic inv•s.
the Committee on Fortification Design [CFD]) of the tigations of the effect of underground explosions had
National Research Council at the request of the Forti. been a study of the remote effects of quarry blasts,
ficatidns Section of the Office of the Chief of Engi. which had been undertaken by some explosive manu- I
neer, U. S. Army. This section of the Office of Chief facturers and the 'U. S. Bureau of Mines in order to
of Engineers is charged, among other things, with the est-.,lish the limits of distance for certain varieties
design of field and coastal fortifications. Up to the be. of superficial damage to dwellings."' These investiga.
ginning of World War II, cc&stal and field fortifies. tions have had very little bearing on the problems of
Jions were designed to resist artillery fire. However, military damage but may be more valuable when
the advent of the long-range heavy bomber introduced future prob!.ms of protection are conoddereS.
an unknown element inrA the protection problem; In 1940 the problem of underground damage be..
namely, the effect of large quantities of high explo. ume of immediate end pressing interest to the Brit.
sire detonated near to, or in contact with, the walls ish, who initiated a program of experiments to deter.
of a itruct.ure. The forces and their distribution about mine crater radii, earth movements, accelerations,
the structure are much different in this case from and damage radii from bombs. These were more or
those produced by tbe impact of a projectile. Also, the less ad hoc experiments designed to furnish answers
probability of damnge from a near miss by a bomb is to pressing problems a. they arose and did not attempt
much greater than that from a shell, even one of a systematic study of the phenomena. Considerable
large caliber, since the 3hell carries a small amount data wore accumulated on the'diruenaions of craters
of exploaive compared to the bomb. A quantitative and of the magnitudes of the earth movement, both
knowledge of the magnitude and duration of the transient and permanent, for various arbitrary depths
forces imposed upon the structure by this form of of explosive churges.," A series of controlled experi.
attack is obvivusly very important to the fortification ments was carried out at full scale on the damage in.
designer and was one of the chief objectives of the flicted to underground piping and at a model scale
investigation. This inlformation, once acquired, can on damage to buildlngs. 1-,|s A survey of the etats of
obviously be uacd in reverse in order to formulate knowledge at the cnd of 1a41 concerning underground
piactical nethLods of attack on enemy installations. experiments is given in a report" containing some
Some qua.ntitative idea of the magnitudes of fore. average curves for earth movement and wall damage
"and the laws of propagation are essential to the plan. as functions of distance and size of charge, together
"ners of aerial attack on targets such as bridges, dame, with cn inferevce esto the validity of model laws for
and underground installations in order that adequate scaling results.

"Pertinent to War Department Projects OD-03, OD-79, The British had, of course, collected a wealth of
"C&ES, CE-", and to Navy Department Projects NO.12 and information on damage to structures from actual
""NO-26& bombing incidents, but the complexity of these e-.
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"suits together with lack of knowledge u to the eandt tn preliminary programs had been carried out at tb,
* i depth, point of impact, and frequently even the us. Princeton Station of Division S to investigpte prob-
' of bomb, made correlation difficult and in some cum lan of insrumentation and choice of target type a
S impossible. The interpretation of such data is aided large program was organized for the systematic study

greatly, of cours, by a knowledge of the laws of var•s o effects of underground explosion.
Cton of underground effects with distance, sharge s, The objectives of thes pro,4ected experiments were
depth of charg and kind of soil which can only be (1), t detamine U. magnitudes of the i aurshla
obtained by syst•matic experimentation. physical effects from an underground explosion as

LUfunctions of distance, depth, soil type, sime of charge
'• ' The CPPAB-CFD, Division 2, etc., (3) to measure the damage inflicted on a target

NDRC Ptogram model as a function of these same quantities, and
(3) to obtain, if possible, a correlation between (1)t became evident in 194, during heand (2) in such a manner as to permit predictions to

American experiment. on bombing of fortifleatics be made u to the damage that might be inflicted by
elements, that considerable damage to a fortification

migh becausd b a nar iss eneratig ~thea bomb or other explosive charge under a given set of
condition.. An additional objective was that of so.earth. adjacent to the structure and exploding themr cumulating sufficient background information so that

This observation was consistent with the experience intelligent experiments could be planned for a par.
of the British on damage to foundation walls derived ticular problem if objective (3) could not be com.r
from actual bombing incidents. Proposals for prote- pletely attained.
tion against such incidents by means of bunter alabo T magnitude of thi program grow to

reducedd f hs rgrmgrwt alarmingand spaced walls were made and tried out at reduced proportions as the final plans neared completion and
and full scales. The results were sometimes quite un- it awa decided to omit the investigation of the depth

expected and led to the conclusion that a systematie effect and to place all charges at the scaled depth exo ...
study of the phenomena occurring underground sub. pected to give maximum effects and damage a" de-
S sequent to the explosion of a buried bomb was neces termined by preliminary experiments. The choice of
sary. The Humble Oil Company of Houston, Texsa, a target model ,was attended by considerable perplex- - "
"at the conclusion of some discussions with members ity but the problem wa finally solved by the deciion
of the CPPAB voluntarily undertook to conduct moit bt the probret was s olved b mthr ecesinto use a target that simulated a structural element

measremnts n te tansint ispacemnts~nd rather thrn a complete structure in the hope that an.
pressures in earth at various distances from a buried a and application of the results would be facil-

-. , charge of ,dynatite.' This work was preliminary ID itated. The target chosen was essentially a reinforced
character and was mainly concerned with techniques concrete box without top ot bottom and with massive
of measurement of these quantities. The results wer' side walls. An extensive construction program was"
sufficiently encouraging to warrant the continuance initiated at Camp Gruber, Oklahoma, under the super-
of the work with the purpose of investigating the ef-
fects froi larger charges, up to 1,000 lb of TNT." vision of the Corps of Engineers, desigued to furnish
Theresult s fromn~ e thargese up tet wee d ult tof inte t a complete scale range of the selected type of target
The reults from these tests were difficult to interpret in order to determine, among other things, it anybecuse the charge's of different weight4 were not buried scale effect existed which would prevent the use of:':

at depths proportional to the size of charge snd be- scae t exite whic wuldprvnt tes e o'
cause, as was learned later, the coil in this locality bad moel po settle sp q ueo ot asdes aboia in
unusual transmission characteristics, coupled with the such a program involving so much cost and labor,

presence of a very shallow water table which gave that as much information as possible be aumulated

abrupt change of characteristics with depth. The re- from each test, an objective that was greatly facilitated

sulta of these experiments made it clear that the phe- by the cooperation of the Geophysical Research Cor-
nomena wore indeed complicated and that only a poration of Tulsa, Oklahoma, and of the Humble Oil
* large-scale systematic test which followed the prin. and Refining Company of Houston, Texas, in provid.
ciple of investigating one vatiable at a time rhiic ing pArsonnel and equipment for recording transient "
holding all the others constaut would yield the kind velocities, displacements, accelerations, and earth
of data that would permit a quantitative evaluation pressurez. This equipment was in addition to the
of the iWfluence oZ the various parameters. After. cer- Mobile Oscillographic Laboratory" and personnel
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provided by the Princeton University Station, Davi. theory of damage to structures has been made which
s&da 2, NDRC. The program involved the detonation gives the influence of some of the tsrge. and charge
of about 100,000 lb of explosive in unita ranging from parameters on the degree of expectei damage. (See
8 to 3,200 lb per shot and the construction of over 50 also Chapter 15 of this volume.)
target structures rangung in se from one-fifth to
fan see The full-cale targets hail front walls of 5- &2s PlfySICA PHNOMN NER '-
ft A.1.... and.. 2* fft£ s a , . .th t e als b i gT A A C M A Y A

idantical in. span, but less thick. The experimentalLOI~rSia bu • tkk.Theexpe•netslUNDERGROUND EXPLOSION

work started in August 1943, occupied about four
months, and involved the taking of approximately 1.2.1 Phenomena near the Explosion
10,000 records which were equally divided between
transient measurements and those taken Detonation of a charge changes its solid matria
ahot. The analysis of these data was 2ompleted in almost instantaneously into an equal mass of ga at

June 1944, at which time a report on the tests and very high pressure which immediately begins to ex-
analysis was rendered to the Office of the Chief of pand. This expansion imparts a high radial velocity

gneers.'s to the earth particles adjacent to the charge and pro-

At this time (June 1944) the CFP ceased to exist duces a high transient pressure in the medium. The

and Division 2, NDRC, undertook to continue this high initial velocity of the earth carries it past the

research particularly along the lines suggested in the pint of pressure equilibrium, duo to inertia, no that
alve-mentioned report; namely, investigating th o after a certain time the motion is arrested and a reverse

effect of soil type and depth of charge and gauge on motion is imparted. If the pressure in the gas bubble:
the results. This involved no change in personnel or were not relieved the pressure at remote points would

policies, inasmuch as the relations between Division 2, reduce to a value equal to the permanent stress in th
NDBC, end the CFD had always been very close and medium due to the presence of this sphere of high.

the personnel of the Princeton Station had directed pressure gas. There are two factors that tend further

and carried out much of the previoua work, to reduce the final pressure; one of these is the cool.
an aridot uhing of the gas in the gas bubble due to thermal eonduc-

In order to carry out this second program, arrange-
weremadewits, th Euble il ad Raug on to the medium and the other is the relief of pres.• " manta were made w&,• the Humble Oil and Refining

ohsure due to the break-through of the gas bubble to
Co. to carry out investigations of the effect of charge the surface of the earth, or to the leakage of the gas
and gauge depth in two radically different types of

soil. One soil wus the heavy Jlay found along the Gulf into the surrounding earth. If the charge is buried at
Coast of Texas and the other was lacos, a light aeolian. such a depth that the gas pressure is quickly relieved
.. deposited soil found in the vicinity of Natche, - by motion of the medium above the charge, the pesk
aippi. Since the previous investigation had shown the pressure will be reduced. This effect is illustrated in

m lo one s of charge was Figure 4, which shows the results of an experimcntal
moused in this program (64 lb TNT). Concurrently with determination of the quantity c"lled the coupling fac.
""sed in•r tisre program (84lb TNT). d Conurrntly Pite tor of the explosive charge as a function of its depth
this work a parallel program was carried on at Pruince, eo h ufc.I h hrei ihnacrsi
"ton at a smaller scale to check the effects in a third depth, c aled the c hauge dt thi aterial ' ore--. ~type of soil. Also, a program of measurement of the depth, called the camouflet depth, the material aboie ":.

the gas bubble will be thrown out and a crater will
comparative effectiveness of various kinds of explo- be formed. A large proportion of the earth wili, of
"sives was carried out at small scaleo." The experi. course, fall back into the hole, thus masking the true
mental work in these programs was completed in July

wri porsw * Jl dimensions, but excavations of craterm have ihown
1945 and the analysis of the data completed in No that the sides at and below the depth of the c.harge
vember 1945.*s The interpretation of the results is are highly compressed and discolored from the action
"handicapped by the absence of any theory as to the of the hot gases in the bubble.

:' propagation of explosion waves in a plastic material
" such as earth, but empirical analysis has succeeded in 3., Propagatiou of the Pressure Wave

separating out fairly well the effects of the different Earth in the vicinity ol the high-pressure gas bubble
parameters of charge and target geometry and the acts as a plastic ratr thun an elastic medium which ..

soil type from the data. A correlation with a simple means that Hooke's law is not obeyed, and that the . .1
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PHYSICAL PHENOMENA IN LU" 113

strains are not proportional to the streese' This char. in space and time in addition to the" other chant",
acteriatic of earth as a medium for the transmissiou These effects awe shown in a seri of ezperimeatak
of preurte waves is illustrated in Figure 1, which pressure-time curves in Figure L.
shows an experimentally obtained dynamic stress- When these radial pressure waves meet the surfaim
strain curve for a certain variety of ailty-clay soil of the earth they are reflected with a reversal of phas,-

In practice, th. wave Is so spread out In time anS
11cw 0ot-isiaTIeOOsW'•.tp - spaew •tt this reflection tol progrsdv au this MN."

AN•I•NMOWWM•aroSA P" oa [ lected part subtracts from toe compreslou war, be-

-: sn.. nusrer b.)a ~low it to produce an increase of attenuation of the
premure with distance near the surfam rather than a

tic ... clear-cut incident and reflected wave. The boundary
conditions at the surf ace require the exiatenoes of an

so to-
V.. *0

4I,• 0.. . pOr.,' Ilso

"4 ! 00 feV-'l
Pe 442PSI

40

0 0 ,A,

. STRAINS IN INGH911/110H 40'

" ~ F iam m~ 1. Experim e nttal d(b m lc stre w-strain relati/o n 30
for silty-clay *Ai

_ .- ~found in Oklahoma. The not effect of this plastic be- --
haviour of the mnedium is to cause pronounced dister- 10_/

-. :tion of the pressure ways as it is propagated, away 0 .. =

"from the explosion. From the theory of wave props.
gation in solids discussed in Chapter 12 of this volume .
it is known that "he velocity of an incremental pres- . r G'.-etvs
sure difference is proportional to the square root of p SG.$ PSI
the slope of the position it would occupy on the stress- 4"

strain curve, fromn which it can be readily seen that
the velocity of the peak of the wave will be less than
that of the initial part of the wave. The greater slope °o * 0 e 4(4 the unloading portions of the stress-strain curve, r.
except at very low pressures, indicates that the back Ftovaz 2. Typics; prwaure rords at various dlatanes

of the wave has a higher velocity than the front. frm 8-lb TNT eharges.
The effect of thene properties of the stresa-strain

curve is that the wave suffers a coratinual change of auxiliary set of surface waves, sometimes called Ray.
shape lI ýhe rear as well as the front. The peak is leigh iy~ves. These waves travel at a lower speed and
simultaneously retarded with reapect to the front of with less attenuation than the direct nompressional
the wave and eaten away by the more rapid rarefac- waves and are responsible for the majority of surface
tion part following it. The low speed of the tail of the effects at very remote distances from the explosion,
wave results in an overall spreading out of the wave such as window rattling and possibly plaster crack-

CONFIDENTIAL

S•. ..... .• _ • o-. . .. ..... .1

-",, .* p•. .

.. :/ . ' , . . : , . • •

-I- .& .-



.1..114 EPOINS IN ~ CART

ing. The behavior of these a in ng from aient displacement near the crater may be very hires,
a theoretical point of view but since in the vicinity o For exampl, in a typical silty-clay soil and for a
the charge their magnitudes are negligible compared 1,000-lb charge of TNT, the peak pressure near the
with the direct compressional waves, their importance edge of the crater may be 1,000 psi, while the seel.
in the study of military damage is minor. It may be eration is about 180 Uimes the acceleration of gravity
that with large enough charge their effects at remote and the tranaient displacement may be as much a.
distance. may move up into the mltar damget- 4 &.
gory but for normal explosives and bomb, this is The magnitude of preure, acceleration, ete, insi".
certainTy not tme, the crater is not known except by inference, the reasom

for the uncertainty being the difculty makin-
measurements in this region. Normally everything in

The magnitude of the transmitted pressure wave this region is destroyed, including any equipment th.-
from an explosive charge is profoundly influenced by may be placed them.
the p:tperties of the soil through which it passes. Cer-
tain soils, such as wet clay, are very good transmitters o THE MODEL LAW-
of pressure while other soils such as silty loam and
loess are very poor transmitters of pressure. The ratio The model law, when referred to in conncction with
of transmissibility between the two extremes may be physical tests, is a term generally applied to a set of

* as large as 100 to 1. This large ratio does not mean rulea derived through dimensional reasoning by which
"hat the radii of damage from bombs in soil are in the rerults of P set of properly ddsignpd experiments
these ratios but, as will be shown later, these damage can be extended to larger or smaller scales of phenom-
radii have a muairnum ratio of approximately 2 to L ens. The term "co afa c has been somewhat loosely ,_
The transminsibility of soil is expressed quantitatively applied to any deviations from the model law that
by a number called-the soil constant k, which is cor- arise in an analysis of experimental results derived
related roughly with the init.al slope of the stress- from moiel]. The presence of such eflects, which ap.
strain curve and is ordinarily called the initial mod. pa. ently do occur in some classes of experiments, such I
ulus of elasticity, although the material is plastic and as those on projectile penetration discussed in Chap.
not elasti,.. The magnitudes of ether phenomena in ters 5, 6, and 7, greatly complicates the analysis of
the medium, such sa particle velocity, acceleratinn, the results. Fortunately no such effects hav, beei, do-
transient motion, and impulse, are found to be pro. tected in underground explosion teiting and the model 77.-
portional ,', some function of this soil constant, which law results can be extended with an accuracy as good
thus turns out to be the quantity that is most descrip- as that of the original measurements.
tive of the propagatioa qualities of the soil. If it is assumed that the velocity of propagation of

Referring to Figure 1, the stress-strain curve for a the effect of an explosion in earth depends only on the
"typical soil, one can deduce two facts, readily verified stress and not on such quantities as the rate of do- .
by experiment, which are (1) the finite area encloaed formation, then the effect of an increase in all disen.r
by the stress-strain loop implies that considerable en- sions of the experiment by the lenth scale factor 8
ergy is dissipated per unit volume of material so that results in an increase of the time of propagation to
the waves must be rather rapiflly attenuated, and (2) an equivalent point by the same factor 8. It is then
the displacement of the point of inter•ection of the possible to make a t".ble (Taible 1) in which any
unloading curve with the abseiseas of the graph in. quantity such as pressure, impulse, velocity, etc., is
plies that the medium is left with a permanent strain represented by its dimensional components of mass
or displacement after the passage of the wave. If tho M, length L, and time T, and to arrive at an expres-
material were elastic, the peak pressure would decrease sion for the relative magnitude of this quantity In the j - -.

as the inverse distance, while experimentally it is new system which it expanded in length scale by the *. (.1-
found that in earth near the charge, the permanent factor 8. In the present experiments W1, the cube
displacement and the peak pressure decrease in magni- root of the weight of explosive charge in pounds, has
tude approximately as the inverse cube of the distance been selected as being a length characteristic of thi,
from the charge, indicating that the rate of energy scale of the experiment. This may Reem dimensionally
dissipation in earth is very large. miileading but it merely means that there has been

The magnitudes of pressure, acceleration, and tran. chosen for reference a unit of length whoae cube is
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Tr , L Modld kaw Wu'Atma is multiplied by 10, the scde fector, so that the dr,.
tion of the pressure is increased tenfold. The impulse,

4 win oulpnal & in tZe being proportional to the product of pressure ana
Quantltz r!ttm f.actr A new/ytem time, must then be increased by a factor of 10 as in.

lenth a SL diftted.iAP SX It will be noted in this capter that raost of the:'~i
Tom M AP experimentally determined quantiies have been rep-

Pro * I P, resented by ampiric] equations which have a co-.
Te se as'; efficient& a constant,, and various combinations of the
Tow Impule a 1" parameters kW, W,,p r, and X which are identified in
Impuls per ualt ares I $I Table L
Diplacement D a SD The manner in which these parameter. enter into

Aeasxaa/aa A Gr the empirical equations has been determined very
simply by equating the dimensions on both sides of

proportional to the weight or volume of the charge- thequality sign. The variables were determined from
Then if an experiment is performed with a charge. physical considerations, but the manner in which they

weight of IV, lb and 1. is required to know tle effects entered the equation was determined by dimensional
that would occur ',ith a charge-weight of IV, lb, the consideratiops. The form of these equations was, of
scale ratio S = (WI/W,)I, and at the distance Sr, course, tested against the experimental data in each
the magnitudes of the quantities in question can case and found to be correct to the irst order of ap-
be determ;ned from the original measurements at dis- proximation. The teat for correctaess consisted in
tance r multiplied by the !actors giren in the table. determining to what extent the dimensionless constant
The model law, of course, tells nothing of the manner in the equation really was constant for widely var)ing
in which the quantities vary with distance but states values of the partmeters.
only that if the effect is of magnitude R, in the ex-
perimental system at a distance r from the charge. TABLz 2. Parameters o the emplAW equatioM _
then in the new system the effect will be AE, at a Symbol Name Dimenzion Unita
distance Sr from the charge, A depending on the k Soil constant ML-IT-' Psi
quantity in question and being given in Table 1. W Charge-weight L' Lb

An example that illustrates the use of the model 0 Sol danity ML-4 Lb-uee'Au.W
exaple lb per Cu in.

law is the comparison of the peak pressures produced & cc. g (in./Wf
by the explosion of 1 and 1,000 lb of the same explo- r Distanee L Ft
sive. It is assumed that experiment has shown that )X rW1  1 Dimensionless unit of

at a dishtnco of 4 ft from the 1-lb charge the peak distane from ohsre
pressuro is 80 pui. The length-scale ratio between This section would be incomplete without a specific
the two cases is (1,000/1)1 = 10 and Table 1 shows mention of target and damage relations to the model
that the scale factor for pressure is 1; consaquently, law. One of th• primary objectives of the experimental
at a distance of 40 ft (= Sr) from the 1,000-lb charge program was, of course, to determine the accuracy of
the peak pressure is again 80 psi. This is equivalent the model law as applied to target damage. The chief
to the statement that if r/IVt is the same for the cause of the initial uncertainty was the fact that there ...

two cases then the pressure is the same. are certain tbings in nature that do not scale,.'the chief
A comparison of the impulaes per unit area I for i offender being the effect of gravity. By changes of

these two weights of explosive at the scaled distancei density of component materials efforts to overcome
4 and 40 ft is made in the same way, except that, from this defect can be made, but it is not 'asy to find
Table 1, the scale factor for imnpulse per unit area is structural materials of comparable strength and with
S ( 10). Thus, if the in'pulse per unit area from a greatly different densities. Consequently, if gravity ir
1-lb charge at 4 ft is found to be 0.2 psi-see then at a controlling factor in an experiment, modification of
40 it from a 1,000-lb charge the impulse per unit erea the model law must be made. It was found experimen-
is 2 psi-see. This comes about by virt-e of the fact tally, as had been inferred but not proved, that the
that, although the peak pressures at these scaled dis- impulsive forces involved in the damaging of a mas-
tances are the same, the time scale of the phenomena sive structure are very large compared to gravity
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forces, so that essentially no deviation from the model of gravity), p is pressure or stress, a is stain, and 9
-lwva detectdA The onluion is then that strae, is the propagation velocity of the presaum level cu.
ture! dimensions can be scaled, at least over a factor responding to the point where dp/4 is measured;
of 5 and probably 10, without encountering any devia- consistent units must be used.
ton from the model law em far as explosive damage This variable velocity causes a continual charge of
Is coleA rshape of the wave as it progresses away from the

source a is discusse in, the introduaton to bs :

THE m CHARACTERISTICS OF EARTU ter a•d in MCapter M"
The a between the loading ad unloading parts

Earth as a transmission medium for mechanical of the curve of Figure 1 represents the energy ab.
effecUt is characterized as a nonelastic or a plastic sorbed per unit volume of the soil passed over bj the
medium. It& transmission properties vary with mois- -ave. This must cause an attenuation of the amplitude
ture content, grain size and shape, composition, his- and energy of the wave as it progresses away from the
tory, and possibly other factors. These effects combine charge. Calculations indicate that this aners low is
to make the properties with respect to local position consistent with the experimentally determined rates
variable with depth, location, and weather. A 25 per of decay of pressure and displacement of the soil.
cent dispersion in the measured effects from individual The rate of propagation of the initial part of the wave,
shots in a small area is the best consistency that has or of very small amplitude waves, is determined by the
to far been attained. Reliable results can only be oh. initial slope of the stress-strain curve. This corre.
tamued by taking repeated measurements and averag- sponds to the volocity determined- by seismic refrae.
tag the results. In a region with variable soil types tion shooting. The fact that there is a rough correls.
the individual results may vary by a much greater tion betweeu, the soil constant and the prapagatibn
factor than 25 per cent. However, if the average soil velocity indicates that the general shape of the stress-
constant of that locale is determined by a seismic strain curve is preserved in mady soils even though
method (discussed later) the results will not diverge the magnitude of the coil constant varies over large
very greatly from the 25 per cent consistency level, ranges.

The density of the soil has only a small range of
Wave Propagation variation in co-Aparison with the other parameters,

The nature of earth as h transmission medium can The degree of compaction on the other hand has an

be most readily underatood by an examination of the appreciable effect on the stress-strain relation which,

stress-strain curve for a typical silty-clay soil. This in a nonstratified medium, produces a continuous in.

stres6.strain curve, which is shown in Figure 1, was crease of velocity with depth. The eLfect of this con-

determined by dynamic measurement described in tinuous change of velocity is to produce a curved

"detail elsewhere.' This figure shows that the slope of transmission path. This was experimentally found to

the loading part of the stress-atrzin curve decreases be the case in thick beds of loess encountered in the

with an increase of pressure while the unloading part vicinity of Natchez, Mississippi."

of the curve dccreaseca in slope with a decrease in the The moisture in the soil is probably the most im-

pressure. The result of such a shape of the stress- portant variable &nd produc-6 the greatest effect on

strain curve is to produce dispersion in the trans- the transmission of pressure. Uoisture content can

mitred compreasional wave in such a way as to pro- change rapidly with depth, particularly at the bound-

"hibit the formation of a true shock wave. (See Chapter ary of the water table. This rapid variation of veloo-"

12 for discussion of wave propagation.) This is be-, ity produces refraction and possibly reflection effects,

cause the decrease of slope at higher pressure levels although these latter have not been definitely sepas-

corresonds to a lower propagation velocity for the rated out of the data. The velocity of transmission

P ak of the wrave than for the lower pressure levele. through a water-soaked soil may be ppreciably higher
Tei is indicated by the equation than the velocity through water itseLf. This corre.

sponding high transmissibility appears in the data as
( ) )) a very high soil constant for wet soils.

(p d8) Another effect which appears to be a general one
In this equation p -,a density of the medium is the presence of a low-velocity layer very near to the
(weight per unit volulue divided by the acceleration surface of many soils, This effect is not thoroughly
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understooi, hut may be due to a layer of aerated ad 7. Permanent earth displacement at or below the

highly compressible eoil near the -urface vw eh bas saae,

inherently a low velocity, or it may be due to an ur S.ý & Crater i-s.
ward bulging of the surface layer which retarda t, 9. Dam., to structures in the vicinity of the
horizontal tranamission of pressure The attenuation charge.
of the pressure wave it greatly incieased in this &al- All of the effects ted with this excption of
low layer, as shown by the fact that the exponent of 6 and 8 can be measured on a structure undergruund.
the pressure-distance curve (discussed later) dhages but the magnitudes of these quantities are determined
from -3 to -4 in this region. by the charatoristice of the structure U weL at o

A great amount of work has been done on the t 'h , earth.
problem of predicting the soil transmission character The methods of measurement of these quantities
from cn examination of the grain sizes and distribu. are in general quite straightforward, although in
tion, together with moisture content. The smples most cases very elaborate equipment Is needed because
used were obtained by test borings. Core .ampes have of tLe necessity for the simultaneous measurement.
been taken and tested for modull of elasticity under of mary quantities. Simultaneity of the measure-
rather careful control,u but the correlation of these ments is desiraUe because the inhomogoneous nature
results and the transmissibility of the soil as measured of the medium, earth, makes impo'sible the exat
by explosion trials have proved very poor. It may be repetition of any experiment. To obtain good correlk-

* that the act of removing the soil from its place, oven tion between quantities it is very desirable to measure
if carefully done, completely changes its stress-strain them all from a single shot. An example of the efforts

- characteristics from those obtained in situ. The corre- made in this direction was the systematic measure-
K I lation of directly measured results with thoue obtained ment cf 32 transient quantities per shot in the experi.

by seismic refraction shooting is very much better. meants conducted in Oklahoma. Of course, the results
The transmission properties of rock for very high of many shots were averaged to obtain the perform-

pressures have not been studied with the same tech. ance of the soil and structures but a factor character-
niquea applied in this work. Probably a systematic istic of each shot uan be obtained as a result of the
istudy would reveal many features common to both number of siuiultaneous measurements.

" media; however, the closer approach to elastic condi-
tions for roek would be expected to modify the results t Testing Procedure
. in many details The general experimeutal procedure Is to drill a

hole somewhat larger than the dianeter of the explo-
5l EXPERIMENTAL METHODS aive charge to the appropriate depth, place the charge,

* and fill the hole with water or thin mud as a tamping
The physical effects, resulting from the detonation agent. The pressure gauges are placed at the bottoms

of an explosive charge underground may be divided of smaller holes drilled to the proper depth and the
into two tuasses: (1) transient effects which must be holes filled to the top with water. A slightly different
measured as functions of time, and (2) permanent procedure has to be used for the velocity and accelera.
effects which may be mcorured subsequent to the ex- tion gauges, since it is found that for onmistent re.
plosion. suits these instruments must be cemented in place.

The transien4 quantities are: The coupling to the earth appears to be varicble unless
1. Pressure. this procedure is followed. This makes it extremely
2. Impulse per unit area. difficult to place these instruments at appreciable
3. Particle velocity, depths because of the recovery problem. For this
4. Particle acceleration. This may be measured reason almost all the measurements of partle velo-

directly or obtsined by a time differentiation of 3. ity and acceleration were taken at depths raugin"g
5.• Particlc displacement. This may be meaaurerd from 6 to 18 in. from the surface.

directly or obteined by a time integration of 8. &.2 Transient Mcaaurements
e. Velocity o," propagation of the pressure irave. ..
The permaucn, effects which may be meazured after The transient mechanical effects are translated by

the explcion are: i an electromechanical gauge, characteristic of the par.
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118 _EXPLOSIONS IN ZART'

titular qaantity in question, into an electric charge or these gauges are sensitive to hydrostatic pressr • -
voltage which is amplified electrically and applied honsing need be provided. The resistor gauges opernte
to a recording oscillograph. This may operate on through the change of resistance of a coil of wire due

either the electronic (cathode-ray) or ths clectro- to hydrostatic pressure. The coil of wire is honsed in
magnetic pzinciple. The time rate of variation of most an oil-filled container to which the pressure is tiras-
of the quantities in amall-scale work is great enough mitted bj a neoprene diaphragma. This gauge is run-
so that cathode-ray oscillographs are desirable record- ged but insensitive, the chief difficulty being the tea-
ing agents, but for krge carges high-frequency elec- dency of the oil column to be set into oscillation by a
tromagnetic or piezoelectric oscillographs may be used, peaked pressure wave,
The high-frequency requirements are less savere than The particle velocity gauges operate because of the
are required for air-blast recording but the require- motion of a coil in a magnetic field, the generate.d
menta at the low-frequeney end of the spectrum are voltage being proportional to the velocity of relative"
slightly more sever, motion." These gauges have been very successful, in.

The re:ords of the oscillograph deflections may be asmuch as it is found th•a• differentiation of their rec-
obtained on moving film or paper cameras, drum cam- ords gives values of acceleration consiatent with direct
eras with film or paper, or still cameras using a single measurements aud the integration of the records gives
sweep on the cathode-ray tubes. All these methods values of displacement which are also consistent with
have been used, with film recording predominating directly measured values. Direct measurements of ac-
for cathode-ray oscillographs [CRO] while paper re- celeration were made with piezoelectric and electro-

cording is more often used for electromagnetic os- magnetic accelerometers' of which the piezo type is
cillographa. the more useful because of its ruggedness.

Detailed descriptions of the apparatus used during Transient displacement of the earth was measured
the investigation reported here are given in published by a coil on an inverted spring pendulum which was"
repor6os." coupled to two coils excited in phase opposition. Dis-

The electromechanical gauges may in general be placement of the coil generates a voltage proportional
divided into three types; that is, (1) piezoelectiic, to its diaplacement.'1 This instrtunent was quite sne-
(2) electromagnetic, and (3) variable.r.siator gauges. ceasful, the chief diffculty being the necessity for sa-
A list of the measurable transient quantities together curate leveling and the change of dampP?• constant
with the type of gauge used In its measurement is with temperature. This was the only oil-damped in-
given in Table 3. strument used, the others being electromagnetically

T~.s~s 3. Measuring Insxtrments, apd
_._ T_________ e______ lnstmmen• Since all of the measured quantities, except pres-

Quantity aauge principle ,sure, are vector quantities, it is necessary to use all
the instruments except the pressure gauges in pairs

Prmure Pietoelectric, variable redstor at each station, one to measure the radial horizontal

Impulse Piezoelectric, variable reaistor component and the other to measure the vertical com-
ponent. Only a single pre.nsure gauge was usei at each

Partilel• vCIoCdt7 Ct1U- h'AgntIo station. All piezoelectric gauges are subject to the vex-

Particle acoeleratioa ELeetromAgnetlo, plezoelectrie, atious eff.ct of cable signal which is the spurious
variable reslator charge generated in the insulation of cables when put

Particlo di•rplacement 1Mectromagnatls into motion. Special cables can be obtained in which

the effect is reduced to a minimum; in addition, pro.
"The pressure gauges are of two types: (1) piezo, tection to these cables must be provided so that they

electric and (2) variable resistor of which the piezo, are dhitnrled as little as posaible by shaking and by '

electric is the more succomful, in general, although falling debris. A cable manufactured by the Britsh,
the variable-resistor gauges arc more rugged aud can called Telecon, seems to be the best eo for obtained
'be used closer to the eploaive charge. The piezoelec- from the standpoint of absence of cable signal.

tric gauges are similar to those uced in Lir-blast re. Broad-band amplifiers with very long time con-
cording and consist of a stack of tourmaline crystals stants must be provided for the recording of the olee-
with appropriate electrodes and connections covered trio outputs of gauges, particularly the prossure
with a waterproof coating of rubber compound. Since gauges, since sometimes with big chargcs the effects
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am of IdltA ly 1= durati while for small- e approxzimatoly 3 Wi & rot &pris lea than this
to ths timg to the ptk are freqmutly ver shot. the exponemt approach the val. 4. The exi of this
Theft rquir catbode-ray odllogrsphs for their re- increased attenuation near the surface I( not very well
cording, but the particle velocities and 3arth motions understood but may be due to surface yielding or to a
a sufficiently slow for ealctromagatie oecllographl.
of reasonably good fteuemcy re.pom to be usd @a*.

The multiplicity .f ascpliliere and roeording chain w-
nab gnaerally means that a ape bruck must be pmovided to accommodate the apparatus both in franadt 5 -

and in uss. A separate gaaoli den power supply
of good regulation is necessary to iapply electric cur.
rent to the apparatus.

4 RESULTS IN EARTH IN

ABSENCE OF STRUCTURES.

"SAt Variation of Peak Preusure in Free Earth

The pressure in earth from the detonation of an ex- • -

plouive charge on or below the surface is propagated -

as a wave that is characterized by a continuous change -- -

of shape and length with distance ftroa. the charge. --

(See Figure S.) This change of shape is a result of I a - - - -

the ssphrical divergence of the wave and of the char. 1-.--..
acter of the stress-atrain relation of the medium which 'ii
causes the higher pressures to be propagated more U -1 ..
slowly than the low-pressure levote of the wave. (See L .. '
Section 3.3 and Chapter 12.) .. -

The magnitude of the peak pressure of the wave Is
determined by essentially five factors: (1) the distance
from the charge, (2) the character of the soil, (3) the
coupling of the explosive energy to the soil, (4) the - - •-"
kind and amount of explosive, and (5) the depth of - .
gauge if it is leis than a critical depth. ,---

The goneral equation that i found to fit all the re-
sault obtained in the range of distances 2 S x ;S 15 is

P= PA-, (2) --

where P peak pi•essure in pdi. di h-..
A= r/V1 = distance in feet divided by the

cube root of the weight of explosive charge -.

in pounds.
k = a costtant characteristlc of theo -Bo"l"t""

F a coupling coc<dcient determined by the - . ..
depth of burial of the charge. • , "

B B an energy factor determined by the typoof explosive. sa ; , ""
OfCXI~iLa a T .e0

n an exponent whosp valunis determined by "-"-
the depth of the charge or gauge. ", F-FAL • 6

The normal value of the exponent isi 3 except for Fzw, 3, Peak prs~urr In earth u function o
depth of charge or gauge less than a critical value of dWWM (1,000 lb T1 T).
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Sredection of the pressure wave frm the surface In the depths of carp will be more gradahl or not a v t-
opposite phas which reduces t peak-pressure evel cur. No data exist to prove-or disprove thin poif .
as the distance from the charge increases. Thi value however. The most striking feature is the almost M".
of 3 for the expo.ent at depths greater than this critt, ear rate of fall-of at charge depths lom than the orMt..eel one .;& well establihed by man-y tests conducted in eel depth of %Wk ft od tbe relative cana ,

ation of peak premu from 1,000-lb TNT chargs ea For charges of TNT burled at depths of approxi-

function Of di8tanc factor �6 obtain.'4 at Camp 3d s~k it and with gauges at a depth Crestse
Gruber. 0]M&Wna. " than. W ft the equation for pressure as a fuae-

The explosive factor has been determined for isv- tion of distance reduces to
eral types of explosives"' with the results shown Ila P h-' (3 We

TA. &This simple form of the empiriea equatio for va-
T__________________________ riation of pressure with distance allows the transmle-

Eli E"plosive factor R slon charactoristics of the soil to be expressed by a
TNT 1.00 single parameter k, which is called the soil constant.
Astal 1.04 If A is taken as a dimensionless variable, then k has

Comp. a1.04
1.17 the dimensions of a modulus of elasticity. The range

Windi 2 1.34 of valuwd of k encountered in the expeomfnth ofpr-

E.BX 2e.ha sent -the p se ions In the socl it It Is as umed that
the soilcv• energy per pound of explaoie is relead at

Is uniacd can be omitted from the quaons.s h The tp
D M t oC t1 r m od ergy rslevae In a properly boosterads charge Io verified

aorby other expl-sive tests Any sytematic va'iato• in k"- an peak pressures in earth.

0-"TThe coupling factor F is a function of the depth of withi
b oFt of the prosence of a t a ioe.t. "o:such va ton is

bolr detected in Lciy of the data.

*.J...., o achs I. 40 ,0 0

('t4 , The soil constant may vary over a rn0 e of more

t• U ••Cl than 100 to 1, depending on the type and condit10n of
* . a -pl co-athe sela , whera the couplin g faetor0 do0e not 1,ow a

change dept iaiaio exceayn abutIo1.Thsa

aca Indicates that the type of voil o the most important

s rpnin , Ato TdW- S. 8nd tonofl .to for pra y mr ebtion of sol clot o

0 I *? IM U t I ''" -'"C,• .

at smller epth and athersl',lyatgreatr de t ypo m asurd loation.i eoiis

St LoTe Natibie, Mlto 400 1,700 n lL-MetS MOM# Clay silt loam4 Prinoetoa, N. J. 1,800 2I,5W 2,000
r- WtIGwHT-)VA Pttl•silty dasy Ca•mp Gruber, OXI& .3 9,000 6,10 ,I'

Clay, unsat-itod Houston, Te%. 10,000 20,000 18,000
Pmv• 4F. LExposve couplins factor as function of M~y, saturated Houston, TMa 50,000 150,000 100,000 '

abscissa in unitl of d(ft)/te(lb)p This curve seems Table 5* shows meatured values of the eoa i onstd t "
to have a maeximum value at a depth of bui-ial corre.. for different types of soil. See also Table 12 for a ,,.i•
spending to d1W6 = 2 and to fall off rather rapidly more extensive tabulation of soil constants based on • " :?,

"" ~~~~at smaller depths and rather slowly at greater depths. measured sai•.-mic velocities".'"..',
,.. [ The reason for the lower value at the more shallow The general variability to be expected In soils can• .
• [depths is apparently due to the escape of gases before be seen from the range of the maximum and =dn-•

the material of the medium near the explosion has mum values of k given in Table 5 for each soil type. 171
"reached the limit of its outward expansion. It is be- This rang'e of variation is probably due to local con.
lieved that for deeper gauges this fall-oft at greater ditions of moisture. content and composition. ..The
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RESULTS WN EAIIT1 IN ABSENCE O1F STRUCTURES U1

kla at variable other than the type of *oil seems to of ±25 per aunto is
be its Moistur content, a factor varyig in a some.(4
wiAt unpredictable manner. In some localities the soil
constaut varie's rapidly with depth (Figure 5). This *hure k s oil constant in p1
has o;ured, in situations in which a shallow water __ lb per eV n. P
tahia was present so tht h moab Conten and&st hes 384 in. per see'

velocity~~~~~~~~~~ oftasiso adde ap W eocity of selsmle wave propagatio In
quit.s War thesIfa"&

a - -- - - This equation has been found to hold within an ever..3 _____age accuracy limit of 25 per cent over a very wide
- - - - range of soil 4ypW and values of the soil constant k,1~Th'ese correlations indicate that the general shapes
I ~of the stress-strain curves arn similar in all the soils

measured so far. The basis of this statemnent is that
the peak pressure and consequently the soil constnt

4 7~ Is governed by the shap* of the overall stress-strain
curve, while the seismic velocity is indicative only of

-~ - the initial slope.
Exhaustive teats of soil properties at the site of x

plosion tests. mae by the U. S. District Engineer

Office at Tulsa, Oklahoma, h~ave shown no satisfactory
~correlation between transmission of explosion waves

- - that the act of removing coil for test, no matter how
carefully performed, disturbs its elastic or plastic

proprtis enughto give qucstlonable results. The
sit ofth tet&coutainasolofaexrmy tro

_______harcte andthposbly xa hta

aV8m reg neastudy wof muld yield Uositiv results

rvt,6 * est in ho iepld ae show that area ofeak pressure

-CM4 sonmehaic." ma

exered aaint a assve trgetdueto rffetionwil

FIM alato o sUimtatwih u dph e buttwc te .earvi feeert.
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where I = impulee per unit arem in psl.eee, pres."re loil constant hat still Afiords a rough guide--
" a eive faetor fo hnpuls% to the magnitude of the expected impulse. The rels-

P _ erplosive coupling factor (Figure 4), tlonship between P', p, r, and k with a probable s - 1
•,,, m contant, characteristic of the soil of approximately ±36 per cent is:

t'ype, A' u 1.15DP 5"6Di (8)
W& U cube noot of the weight ofcbaxl whee m soil ,onstant for cmpulsr

57'WA = distance in fee h*M the chare s
divided by the eube root of the weight D = sit ofsoil fo e pr in " ,S ~of ch~rp In pounds. P -" density of soil Qlb-se Rer Wn.),"•"

r - vetocity of seimi wave propagation to
The explosive factors R' do not have the.tsme values in. per Me.

for impulse u for peak pressures. This is not surpri. It is osvous that such correlations can be no better.
since the impulse itamor t b.than rovigh guides to the tranminaion qualiti, of thelavior of the gamsseu producti, after detonation than

soil Nevertheless, in the -b oofany better tote.
is the peak pressure. With one exception, the explo. these relations are very useul.
sives fall in the amne order of merit but with slightly Coneuentl$, equations (6) and (7) become"
different ratios. This is 'showu in Table 6.4 Cec

TAIS 6. Exploslve factors for IMpuhM. and .-. V'.

Explosve - EPsIrs factor 5' 1 - 5.5,PIkIWX-6/. ('
TNT 1.00 One would expect the Impulse experienced by a

massise target to be approximately twice the impulse
Camp. a 0.97
TritCom 1.27 in the iucident wave. Experimentally, this ratio is
Minol 2 l.i8 found to be considerably more than 2, a phenomenonEx, t~othat hi been explained qualitatively." It comes

The explosive %upling factor F is the same as for about trough the fact that the earth spinet th.
peak pressure and is given in Figure 4 for the various target may be loft with a more or less pernent de-
depths of burial of ithe charge. formatioa which nay exert a residual pressure of long

As in the case of peak presure, if the explosive is duration. This re01dual pressure in the tail of the
TNT' and the depth of burial is of the order of wave is included in integrating the pressure as a

function of time, with the result that the impulse Is
ead bythe the simpulse empir nic requaton: -considerably increased. Thia ratio of reflected to directpreased by the simple empirical equation: mu hbnfodeprietlyoaere '.

Impulse has been found experimentally to averageI L'IVIA-s. (7) about 2.8 to 1," but it subject to considerable fluo-
"In this equation only one arbitrary parameter is tuation, since a relatively slight deflection of the

present which may be associated with the tranemism i- target will relieve this residual pressure to a eonald.
bility of tho soil. The tqonataut V" in this equation erable degree.
turns out to have a much smaller range of variation Figure 6 shows the variation of Impulse with d"...
for different soils than does the Boil constant k. Its tance from a 1,000-lb TNT charge. See Data Sheet
measured values are given for different soil types W 3B3 of Chapter 19 for summary of data on Impulses
Taielo 7. in earth.

TAimt 7. olt constants for Impuse for vIous sils.
.- Variation of Particle.Volocity

Boi Location t in Free Earth
1404 Natches, M&s. 1.60
Clay silt (loam) Princotan, N. J. 4.77 The maximura particle velocity of a wave is closely
SilLy lay Camp Gruber, 0kla. 5.44 relatcd to the lNaez pressure of the wave through the I
Ctay HMueton, Ta. 6.64 t dis-

following equation (se Chapter 12 for further de-"
The Impulse constant k' has also been found to be cuasion)_

correlated with the soil deusity and the seismic veloc. 1 [ dP (9

ity. The degree of correlatio,, is not so good as for the (P)

jI.b • -- - -- _ --. • __ .- , , ... .:., , .-'.. ,, ---- , .. -. . . . . . . .. . ., -...
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-..... RESMTS M• EARTH IN ABSENCE OF sTUCWUmS ,2
where a = the particle velocity in In. pe se If the stres-strain curve ii of e form indicated

P - prm In Iy experiment in c.ay-ilt soil then te ple v -:.@:
P=peak presuurein P4 it),can be expressed m.

lb per en in.
= the soil density m 1A

( p ) = v e lo cit y of wo pa ( T 0ble I) , ,

velocty o wav a~ie In ,i ~ where k soil constant for presure G pi(ah)no as fi WU M ad the prssr fequa. r/w e (ft61),-"to (1)]._ :?:.
--. denuity (. "

-I-II - .-- . - -- " -' -°

i ! I IB =numerical constant which b" the tLw'll
retical value of 0.7 for thi- particula

-- ~stress-strafn curve
TI.h maximum particle Qeocity measured by mIntre.

menat on the surface of the earth Is complicated by a
r - - - general yielding of the surface, the rehcection Of Pro*

I:} • sure wavei from the surface, and by the presence of
efurface waves that are necessary to Oatiy the bound-

ary couditions at the sjurface Thoese effects combine
to give a functional form to the empirical expression
for this quantity that to somewhat different than the

- ,derived expresion above.
- -- - in a particular series of test& these empirical MtsuII elts ars A * t. .-

; o~s - - -�- - - - �-s = 7,0o50).-j- 8.2W,-' in. per see, (11)

u =, ,u 3,200)- + 9,85A71 in. per Wee, (12)
- -e- - - -- - where uh is the maximum horitontal component Ofi5 z the radial velocity and u, is the vertical component.

Sinte the components differ continually in phas snad . .
amplitude, the maximum value of the radial velocity
cannot be found by a simple vector addition of the
componentt. The difference of the value of the expo-

O- - - - - . -t_ neat of the leading term from the theoretically de-
-_ - - - - -\ rived value is aecribed to the indluence of the surface

0.0 - - effccts upon the wave amplitu'e and rate of decay.

Thia assumption hao not been verified, however, be-
4111- cause of the extreme difculty of measuring the par

tide velocities at appreciable depths below the surface.
.el , The expreasions can be written in slightly more ge".

eral terms since the average density and. secu constant
have been determined for the. region in which these

- - measurements were taken. Here 0.00015 ib--aec
per in.' and k = 5,100. Then.

Ol =-F(UA"' + 0.0015X1) in. per mee, (13)

IONAR;I WIIObT)ri U, p/L5l = -*i(0.6 5A4 + 0.0017X-1) in. per sec. (14)
Fiov m f.- .IwpulssIne rtha - f ,,-tlon ofc s * ... ,..i
dlztunce (I,000 Ib eaTr). Figure I shows experimental data on particle velo-.
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EXPLOSIWSS IN EARTR

a "- pressure in order to obtain the moat prebable values
f f oar ondition other then those for which the data

_.__ were taken. .
'pI-- The theoretical value of the maximum particle v-

locity is appreciahly less than that experimentally d..
- -- - termined at the surface. This discrepancy is n the

right direction since a reflection from the surf-w-
.... - would be expected to give the n-face parttoles a

higher velocity than that predite for particles at
s - - fl- depths not affected by surface reflections.

5"- i Variation of Particle Accoeiratiop
3 ,.in Free Earth

An extensive series of mettaurez acute In one location
4, -. - - gave particle acceleraions near the surface resulting

from the detonation of chargcs of TNT buried at
depths 2.1W0 that can be expressed by the empirical§ -- - - - -equation's

k
MONIZ410k. +,= .(l2 O.3-+ + o.04X-,) X 1-O, (14), . ~~~MORIZOkiTAl-A."*•1p|I ,"

where A, = horizontal or vertical acceleration in units
of gravity (384 in. per sec),

k- soil constant in psi (Table 6),
p = soil density (lb-iec' per in.'),

W = weight of explosive charge in pounds,

r = distance from the charge in ft.
o0.2- - This experiment also showed that the variation of -

acceleration with depth of burial of the charge is th-
f | i same as the variation in peak pressure so that the

I S 4 G 1- coupling factor derived from pressure measurements
Amay be applied to particle accelerations. It is also

IN FW%% r Inferred, but not directly show-n by experimental data,

FIoua 7. Maimum Parties litim In Gartham that the acceleration varies with typo of exploaive in
furctions oi chard e ditance (04 lb TNT). much the same wuy as dots the pre3asure, so that the

explosive factors for pressure can be applied to situ&-
ity as a function of distance for 64-lb TNT charges. tions In which explo--ives other than TNT are used

This graph and'tho empirical formulas give the ex- (Table 4).
perinental values of the particle velocity at the surtface TVe acceleration is, of course, a vector quantity ..-

reaulting from the explocion of a charge of TNT that must be specified in dirction or by components
buried at a depth of 2.W1 ft beneath the surface. along a set of axes. Experimentally it has been found

Unfortunately, no data exist concerning the manner that at the chargo depth used the horizontal and ver-
of varintion with depth of burial of the charge or with tical components of accelcraLion Ere approximately
type of charge. It is believed that thece quantities are equal to each other at every dietance. The angle of "
affected by the depth of burial in soenowhat the same emergence of the acceleration vector is consequently
manner as the pressure, since there Is a direct thee- at 45 degrees to the surface.
retical relationship between prc•,aure and particle Figure 8 shows some experimentally obtained val.
velocity. In the absence of measured data then, one ucs of acceleration as function of distance for ft-lb
would apply the coupling factors and explosive factors TNT charges which were measured in the Oklahoma
to the particle velocity In the same manner as icr tests.
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RESULTS IN EARTH IN ARSEMCZ OF STRUCTURE us L

MAO - - - If one introducee the empirical preseure•• stasm
I]I " and streesin4 curves, it is possible to derive an

- -- - - - prulion of the following form for the maxnimu dl.-

D 0.0~
ri h"VulvanX = .x-.

- - -- - w--"re).

D - dibplacemmis In fee-.
m V. = weight ot cha in pound-

k hIs given in Table 3.
to--. r = distance in fet'

This displacement Is presumably In a radial direction
-- - - -- - at depths below the surfams

The experimental values of transient displasemat
- - - - - - derived from direct measurement and from integra-'

30 tion of the particle veloclity-time records can be ex-
pressed by the following empirical equation:

- - - P = Wi(3.94X-4 + 0.001W'~) it (horizontal), (18)
i I tD =- WI(1.0oX- + 0.0027o--) ft (vertical). (19)

ST-e - - T mni-d•,u horizontal end vertical displacements
at the surface &To not neceft.arily attained simultane-
ously but, except at the greater distances, the displaoe-

r - mnts are approximately in phase. Then, approximate-
ly, at the near distauces one fid the total transient
displacement to be

"- - . D,= 4WIX- ft (20)

, -.- - - - - - The value derived from equation (17), taking the
average value of k to be 5,100, turns out to be:-

- - - - i D, = 9.1WIA"Af6 .91)
The ratio betwecn these values is 1.86, which in-

6. i.... "---- dicates that the assumptions made in the derivation"
are probably approximately correct. This rough deri-

C" .;F e " vation allows one to make estimates of the displace-
Fturrs & Mfaimum pudrt.cl acoeleratlone in earth se ments for types of soil other than that in which the
fulcu ot charse distano (04.b TNT. present measurements were mad..

Experiment shows that the permanaxint horizontal
LIU Varialion of Particle Displacement displaceirent is approximately one-third the maximum

Sin Free Earth transient displacement given by the equation above.
. The dislacement of the particles In the medium This is slightly less than would be indicated by the

duo to tae passage of a compression wave can be found stress-train curve, but again the effect of the surface
by int&.erting the strmin in each spherical shell over introduces a modifying factor so that direct predlo.
which tUe wave eztends at the moment of maximum tione from the stress-strain curve would probably b,3
displace=ent. A ffist approximation is to ausumo that somewhat in error.
the mruximum displacemenut of each particle occurs If the dependence of displacement cu the numerical " .

*- " before a-prcciab!e ucative velocity is attained by the .value of VI (equation (17)] is accepted, then a plot
particle. U this assumption is made, the displaw- of )vs (D/10) (1/1i) can be made which would allow
mont D at Luy radius r is, estimates of dieplacementa in soils 'With different

D (Ik. (6) alues of k. Such a plot is shown in Figure 9 withD , )horizontal and vertical components shown separately.
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do FIOua 10. Depth fa-tor for crsitcrisng by *Vloslves..

~. The depth factor (Figura 10) varies over a wider
range thani do the others. It displays a maximumn vain.

. . .. . .at a charge depth of approximately 2W1V ftk desceand.
I - ing quite sharply toward zero as the charge depth

-, - approaches zeri~. Th~e decline with increasing chargo
i I depth beyond the optimum i's slower, but an extra.] polation of the measured port of the curve indicatee

- ~that at about 5W1 ft the crater radius approaches
_2 zero with the formation of a camouflet.

I a to so 0 To 10 Figure 11 shows types of craters and the approxi.IN
mate dimensions that might be expected from the

Fao~w0.rrnabaL. 7W explosion of a 500-lb bomb.'6
fucionsocha rged istance. iXcornceet Inthouaands ET

of fetweiht n Iowas, hst~oe n fktk & InTabe &i0HkATION CRAntZ

3"A Crater Sizea p~S~Ca
The size of the crater produced by a buried charge :1N.

has been shown exporirnent--1y to be much less se- *'".. 1~.*~
aitive to type of soil and lind of explosivo than to OT lP6
the depth of burial of the charge. The e~ct mecia- 4.1
uism of crater formation iia not understood well so? rP
enough to allow any theoreticasl predictions to he made
eoncerning the factors governing the cize, but it hap

been demonstrated] quite con~clusively #.hat* the model .t'

law is obeyed and that prc.~ctiona of size based on W~.O5U OUND *0 l 2Arl0
empirical date are rearonably reliable. (See Data ~~ M~YZ

Shedts 3B1 and Me~ of Charter 19 for diameters and
depths of earth craters.)2

The crater size can be considered to be equal to (A,...

the product of an exploaive factor E", of a depth fac.
to'r C, of a soil factor V' (which equals 1.30 111), 36F CAOU
and of the cube root of the charge-weight, WI.

The radius of the crater in fcet is then
R(ft) =1. 3CE'kI~l (22) r Worv: IARNewu LIN9

The explosive factors E" for some military explo. 0wi-Au. Ir UCHAI.Ar

slves are given in Table 8. The fectore are ratios of A FLX
the radius of crater producd with the given Cxplo- Fpoupg 11. Shapes and usizes of orater, and camouletis

sive to the radius of crater produced by TNT. for 5004~b Cl' bombs.
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DAMACE TO BURIED CONCRETE STRUCTURES 12T

TiAN aL Caet. radius ma a function f p of Lt DAMAGE TO BURIED CONCRETI
av"oolve~q (ffos to TNT craters).

S.........U..phSTRUCT -URES

Exposv From a military ndpnint the physical phenomen_

bTNT 1.00 in the mediunm the laws of propagation, etc., an al.
Ama.8 subordinate to the dgree of damage that will be pro.
TM-. Lis Ldmd under ea set of eircumtances. The asolu.-
min •Lit *tion of this problem requiris that satisfactory aswe.n
i-.2be obtained to two principal questiov:' (1) what iv

the magnitudes and durations of the forces acting ow
Comparison of Explosives a structure and (2) what are the tffects of uuch forces

The orders of effectiveness of different types o on P pirticdar structure? These are extremely knotty
explosives for the production of various undergrouwd questions, both of which involve &.detailed knowledge
effects have been given in various tables throughout of the behavior of etructur" undeT impulsive loads.
the report, but it may be desirable to collect these re- The first and principal part of this chapter is con.
suits in one paragraph for convenient reference. Such cerned vith the task of acquiring answers to the first
comparison is given in Tables 9 and 10 where the of these two questions, and it is evident that no less
values of peak pressure, impulse, crater radius and effort must be spent on the answer to the second
crater volume for the various explosives are compared question. Some of these questions are treated in Chap.
to those for TNT at the same distance and depth of, tar 15 of tWia volume. It is obvious that a complete
burial of the charge. The standard deviation of tmese answer would, in the limit, Involve experiments w" h
ratios is approximately 5 per cent. every conceivable type of structure which is, of 00,. .ue,

The comparison in Table 9 is on the basis of equal au impracilcal procedure. It is equally obvious that
weights of the explosive charges. If the comparison some type of structure must be investigated expert'

"* ic made for equal volumes, slightly different values, mentally in order to be able to make any predictions
which are shown in Table 10, are obtained because of that are bsed on other than theoretical evidence.
the different densities of the explosives. For comparl. 5.t Dcscription of Program'
son of effectiveness of bomb fillings, for example,
where the volume is fixed, the comparison on an equal. Two types of danmage experiments were made. In

* volume basis is more useful. the fint of these, charges were detonated at distances

- .I Txzuz g. Comparison of exploalvos (equal weights, equal distanes).

Pek prosure of X Impue ofX Crter radius of X Crater volume of X
* Explualve Peak pre.eur of TNT Impulse of TNT Crater radius of TNT Crater volume of TNT

TNT 1.00 1.00 1.00 1.00

Amat4 1.04 1.04 0.98 0.96
Comp. B 1.04 0.07 1. Pa 1.07
Tritoral 1.17 1.27 1.11 1.39
Mizol 1.34 1.39 1.14 1.47

. HBX 2 1.39 1.50 1.16 1.51

Txna 10. Com.,parison of explosives (equal volumes, equal dItanoei).

Peak prwaure of X Impulse of X Crater radius of X Crater volume of X
Explosive Peak preaure of TNT Impulse of TNT Crater radius of rrN- Crater volume of T NT

STNT 1.00 1,00 1.00 1.00 ".
r Amatol 1.08 1.09 0.99 0.97 . ..

I Comp. B 1.12 1.05 1.04 1.14
TritonAl 1.33 1.47 1.16 1.8"
Minol 2 1.44 1,51 1.17 1.60 5

' 1B.1BX 2 1.49 I.58 1.18 1.63

CONFIDENTIAL

.-I..o.' - 4

:I: _ _"____-_- -- -. . "-- - - ." - 4

S... . S.. .



128 IXPLOSIONS In KAME

from reinforced cancrete targets greater than on* ae)ses namely, 0.2, 0.4, 0.6,0.8, and 1.0, the Sat heiug
crater radiirs; and the pressures, accelerati=ns veloa- the go-called full-acale target, intenMe for =0 with
ities, and displacements on the target face and ini f ree a 1,000-lb charge. The reason for the larg number
earth weae recorded while the target ?am- g was of sizes was to determine whether or not a scale effect,
meassured. In the other series of test., charges ware or consistet variation of effect with sm of target,
detonated. irL contact with the walla of bi'ried, reia- wmlA be faundL.The aseence of aunh an effect would
forced concrete strucures. Iqo transient effect. were make the use of small inexpensive targets practiod

maured. Damage was recordea and correlated witir 3n reliabla
size of charge, and thickness of wall. In a11, 16 targets of the 0.2 scale, nine of the 0.4

Daxis nx NN~o1rac C~zouscale, three of the 0.6 scale, seven of the 0-i scale,
and seven full-scale were constructed and tested. The

The great variety in fortification structures makes magnitude of this project, which was carried onZ by
it impossible to select a typical target for studyj. Con- the Tulsa District of the U. & Corps of Engideer, casi
sequently, it was decided to use a target that would 'ý* visualized wher. it ia realized that the full-scale
rerc.cnt a structural element, rather than a complete targets were 25 ft on a side and 17 ft deep, with a
structure. It was believed that the results obtained front wall 5 ft thick 'and the other walls in proportion.
would in this case be -more definita and at the same The bottom of the target was 25 ". bel-ow ground level.
time more suscieptible to theoretical analysis. If this The veinforcement of te full-scale targetA conaiiated
turned out to be true, then extensions of the analysis of a two-way mant of l1% in. square deformed bare at
to more complex structures would be practical. The l5.in. centers in each faco of the front wall Aan corn-
structure finally selected for study after an extensive partrble reinforcement in each of the other Wallk The
series of preliminary tests at small scal on various average compressive strengt of the concrete used 'was
structure type~s, was essentially a reinforced concrete about 3,400 psi, measured on $-in. cylinders. More
box with opena top and bottom, represented in Figure dtie nomto ntre hrceitc n e
12. The front and back were of different thicknesses, suiting damage are given eisewhere"
the latter being two-thirds of the front thickness. The On each target there'were mounted three piezo-
aide wals were of equal thickness and 0.42 wi thick elcctric pressuro gaugcs on the front face and one on
as the front. These targets were built in five sizes or the rear face, by means of which pressures were do.

termined as functions of time. It was found that the
pressure exerted on the front face of such a structure
is approximately twice that measured in free earth
at the saine distance, and that the impulse per unit

S1 0 area, is approximately 2.8 times that in free earth.
The fact that impulse is more than rloubled (one
would normally expect raore nearly exact doubling)
is believed to be due to the packing of the earth against

tamned application of pressure than in free earth at
the samne distance.

Thus, the pressure and impulse per unit area ona
niasaive target in earth can be represented by the
following exprcssions, provided normal explosives are
used at depths of the order of 2W1 and at distancea

-4 opfrom the target between 2WI and 1510I, both in feet:
P, UBA', (23)

Fnaou 12. Dimensions of "naed eonamte .A~gta. =1,~h'a-~.(~
af288 1 Utl7.68

b ft 258 i t 48 In the above equations P,. and I, are the reflected pe.~k
a it 28 k t 12.88
f it 3 ta pressure and imp~ulse, k is the soil constant for pre...
h ft 58 ift 12.5 sure (Table 5), R and B' are ezplosive factors for -

Gaup Pestioas In rea synmeatriegi with front, pressure and impulse respectively (Tables 6, go,9, 10),
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DAAACE TO BURIED CONCRETE IrUCTURE 1".

S i. r/WI (r is distance in feet; W is charge-weight explosion with earth backing. A more complete Mos-
in pounds),# Is density of earth in lb-ne per in." auaoa Is SIeT elsewh -- '
and averes 0.00011L

The term damage in qualitative and not susceptible L22 Representation of Results
to very definite measurement. A number of poe•ible DAx~oj nox NoxooN-Aor C•A"ou
measures of damage were considered; among these the The results of thi e of taut. are best rprend

most ~ ~ ~ ~ ib win~etae h oa idth of cracks in the in a dimensionless plot showing either front-fae crack
front face ana the amount of pernanent benidin o •width c or front-face defiection X, divided by a qua- ---
the front face. Both of these were used as measures of t7 of the same dimenion, such as as a functio-

damage to the targetsd of the important independent variables, namely, W,
The testing procedure was to detonate a charge a • distance from charge, a factor characteristii of the

predetermined distance from the front target wall, s and factors characteristic of the target. The mat
and to measure the crack widths and deffactions of the
front face, the presure and impulse on the front fec% to - - -and the acceleration given to the targEt. Simultane.-

ously, piessure, impulse, acceleration, and dispace. T a - ----

ment were measured in free earth on the side of the 5 - - -.

charge opposite the target. Since the target is more or
loss damaged at every ahot, it is apparent that only one - .set of measurements can be made on one target and.

ihat several targets must be used in order to obtain a -.-..

damage as a function of distance.

DAWAGE YROM CONTACT EXPLOaxON8 IN EART

At the end of the test program described above the t - -"
undikmaged walls of the targets used in it were sub- 0.7
jected to contact, eerth.backed explosiouq. Iu addition, 0 -
a oeries of teats on specialy constructed target. was
made at the saLie time. The latter tests were made at --

four scales on hollow reinforced concrete box atrue-
t.'res with floors and roofs. The scales were 0.2, 0.37, OA
0.63, and 1.0. Three 0.2-scale structures were built a
and one each of the other sizes. The full-scale target
was 47x47 ft in plan and 28 ft lhigh. Its four walls -.

were respectively 10, 11, 12.3 and 13.5 ft thick. The
roof thicknen was 9.5 ft and the floor thickness 4.75 0.07 --

ft. The other targots were in proportion. Reinforcing
steel waa arranged in -wab and amounted to about 75 0.0 .

2*1! I lb per eu yd. Concrete strength was 3,400 psi. The .
earth was excavated to about one-third the height of 0,O0 -0 .'
target and back-filled age nst the structure to its full-
height after constructior,. The full-scale structure was 0.02 - --

exposed to the effect of 2,000-lb general-purpoae [GP]
bombs (1,080-lb charges) exploded in contact at the
center of each side. Underfloor explosions were s 0.01, a .7t .0

After each test the dimensions of cracks and the

area of interior surface scabbing were recorded. From
the latter it was possible to determine tho so-caeod Oioa 18. Total widtl of roat wall Cracku w idth ctIoI..
ecabbing limit of concrete walls subjected to contact x 10•, vdit ,htin apun dsiz, ofcrtr.O kuiTh &" In in 'e
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ISO KXPLOSIONS M~ ZARTVf

important charactejiitic soil factor is k (Table 5). Mience its slope lies between -3.85 and -5.19. This,
The charge distance is best expressed an A = P/WIk Indicates that peak pressure is not the principal dams-

Figures 13 and 14 give the zutaulb obtained in this aging factor since that varies approximately as the
series of tests. The first showis e/kWi as function of inverse cube of distance. The solid line shows the leasnt
x Note that c is the total crack width in inches, and squares Ait and has the equation

r j( 250
6 -Simiflarly, the straight IL;, Fi gure I4 has the equit.

tioza

tures tsebabenmade and is discussed in the fol-
lowng ecton f tischapter and in Chapter 15,.

0.X 11Ai. Daaecat~gories fr5twalof box &re
I ture adoo~nmpondin& itng f ,04 hr

M 0.5 ~ ' - -In earth for which k -6,000 (Table 6).
Damage Crack widV4. Mharge dltanoe Charge diatanes

a03(inches) A. (crnter radii)

0AModerte 1 3.3 1.5
Light 0.1 a 2.5

*.Three categories of damage have been defined I~
OJ the 5-ft reinforced concrete wall. These definitions in

0.07 -- - -terms of crack width are shown in Table 11, together
~ ( - -with the corresponding distances of 1,000-lb charges,

043 assuming that the structure and the soil are similar to
- - - those of the present series of tests. WVhen this is not

0.03 the case, uise must be made of Weapon Data Sheet
6AS of Chapter 10 or of an anzilysis correaponding to

-- - -that discusscd in Chapter 13.

CONTALCT CHARGES

1 2 3 5 7 10 From the investigation of the effects of enith-
r backed contact explosions en reimforced concrete walls

that were made at the sumne time, it was voucluded

of bt~ooandsit o chrge Diletio I InhesX 04, ofthe far aurface of a wall b-arely occurs in case 'of a
weii~ht in potindni, dizotanos In fcct, k as in ale5 cont 'act erhbce xlsoi ie yteflw

that k is the soil constant for prescure (Table 5). The Ing expression . .

other figuare gives X./kW' as a function of A. It is .W
uigniffiant that theore appears to be no consistent do. where T is wall thickness In feet and IV is charge-
niation with tnrget scule. This indicste.i that target treight iL& pounds.
dramage obeys the model law and that small-scAle teests.
can be used for predicting the effects on full-sized L..LThoriesof D-- af&ato runed

structures. Straight lines have been fitted to these Structures
poiats by least aquares. In Figrure 13 the slope of the There is a simple theory for predictinS. the extent of
lino of bcst fit is -.4.52, and with 95 per cent con- damage to a buried structure when expcied to a oeur.
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by explosion in earth.n' In this approach it Is a- horizontal span. of the wal in inches and H is 's"
". .sumed thit the impulse acting on the front faro of the vertical dimension in inches. In order to make equation

target puts it into Totion. The velocity of motion is (28). aree with equation (25) Q must equal O.06.
"proportional to the total impulse divided by the mass From the way in which equation (28) was derived, this
of the front face. The kinetic energy of the front face indicates that the crack width is only 6 per mat eL

. can then be computed. A fraction of this energy is what it would be if all the impulse in the presure wave
assumed to be used in cauaing plastic deformation of were ued to produce plastic deformatdom.
the front wall; from this the amount of bending and It should be pointed ex-t that measurements of p=--

* the width of craks in this wall can be calculated. At s dre fad impulse have not been made cser to thex.
two points in this analysis undatermined .proportion- plosion than correspond to %*= 2 or 8. Consequently,
ality factors are introduced. These can be combined any attempt to develop an analysis based on theme
into a single factor whose magnitude can be found measurements must recognize this linmitation on its

* from experiment and must be assumed to remain the applicability. It appears, in. fac4t that for very near
s. e in other situations. This method gives a relation or contact charges the damage does not follow the
between crack width, 4, charge-weight, and soil con- same law that would be predicted from the effect- of

"" stant that is of approximately the same form ac equa- explosions beyond one crater radius. This is well'illus.
tion (25), namely, $rated in the curves of Data Sheet 6AS of Chapter 19,

130 ( hich are almost horizontal in the region of amall

1W c.xerge distances.
Swhere Q is a constant, the 4iliz ation lcier, to be de- Because the utilization factor Q is so small in this
t n xr t . vs ene there is considerable uncertainty when equatic.

Terinable e5periet. The strength fa r 8 is given by the (28) is applied to any situation that differs very much
&Table 5. Te strength factor 8 is given by the expres I in respect either to soil characteristics or to structural

•a'on characteristics from the tests that have been made.

j8 • , (29) For this reason it s-emed desirable to make a some.
LE what more elaborato analysis with the hope that a

where a is the thicknles of the target wall In inches, d closer correlation between its predictions and the wne-

is the diameter of reinforcing bars in the target in cured effects might be attained. Such an analysis was
inches, N is the number of bars In one wall that are made but, unfortunately, not in time to appear in any

stritched by the deformatioc of that wall, a is the published report; consequently it appears in Section
*yielding stress of the reinforcing steel in psi, L Is the 15.5.2 to which reference should be made. This analy.

TAst. 12. Tabulatlon of eonstants for voarous ol.,-
- Slsamie ty soll constant

&Hll type mn (fps) m (ps) a

Top "il (light dry600 e00 262 ag0
-Top soil (wnlsat, lowmy silt) 1,000 1,.00 812 1,370

Top aui (Clayty) 1,300 2,000 1,420 3,870
Top o (s cosdated sandy clay) ,o,2,01,5104
Wet loam 2,6M00 .... 5,00
Clay (deu3o wet, depend5n0 on d0pth) ,0, 8,860 34,100 K
Rubble or gravel 1,970 2,G0 C,400 IIIc,
Cemented sand 2,800 3,200 9,700 12,600
Water-saturated nd 4,600 22,600
&%nd 400 8,400 26,200 87,000
Band day 8,200 8,800 10,000 13,000
Cameutcd sand clay 8,800 4,200 17,800 21,700
MCay, clayey widttone. 5,000 .... 4,,003
L") rock talus i,25A 2,8M0 1,780 7,000
Weather-fractured rock I,'00 10,000 3,100 140,000
We-ther-fraetured #hale 7,000 11,000 63,000 180,000
Weather-fracturd sandstone 4,280 9,000 23,800 116,C00
Granite (slightly semed) 10,800 .... 160,000
Uwcatuns (muasve) 6,4600 20,200 300,000 59.,GOO
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•" 2 EXPLOSIONS IN KARTH

ais differs from the one that has been described In that earth and on a structurL In particular, this should be
the presure pulse Is amumed to continue during a applicable at peat distancs from the chgs, since
large part of the deflection time of the target wafl. the atomic bonib will be aftaiv'. It very prest dim.
The wall is assumed to be deformed continuusly, at tances. Both plastic and eluati media (earth and
the sne time exerting a force on the remainder of the rock) m,"'t be oons~derzvA
str'cture which is pushed backward thereby. The in. S. Continuation of the experimets on wave propa..
orbsa and pluiv.arasistance of th earth, behind. the gatlon that have been, disussed, with particular tten.,-
rear wall of the strture ae considered as well as the tico to the following questions: (a) the propagatlm
possibility of uim'.ltaneous plsiU b•ndin aL tha reaz of waves in rock, (b) the propagation of waves pro.
"wall. duced by explosion near an interface between rock, ad

earth or by explosion in a stratified medium, and (a)
""3e RECOMMENDATIONS FOR the propagation of waves at large distances from an

" FUTURE WOR explosiou occurring at a relatively small-sealed depth
i kerthL with and without an underlying rock stratum. ...

Much remains to be dotne on both experimental and S. Continuation of the experiments on structural
theoretical aspects of undergound explosion phenom. damage that have been dicussed, with particular at.
ena. The importance of these problems it very great, tention to the following questions: (a) the damage to
inasmuch as future protection of critical installations relatively weak structures at great distances from an
from high explosive and atomic bombs will almost cer. explosion, (b) the damage to structures at varlo•-.,
tainly involve burial in the earth. A knowledge of the depth# of burial instead of nearly flush with the
factors that affect damage to possible targets exposed ground surface, as in the tests thet have been made,

* to the effects of possible weapons will be equally im. (c) the relation between damage to complete atrue-
portent to the attacker rind the defeider. The follow. tures and to structural elements. (For example, les
ing problems appear to be the moat important: dama,-e would be expected to an isolated section of a

1. Development of & reasonably reliable and simple tunnel than to an equal leDgth of the complete strue.
. I theoi7 for predicting the effect . an explosion in free ture, beciuse of the digerence In continuity.)-

'.4 . . ,
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chapate 4

MU7LEBLAST, ITS CHARACTERISTCS, EFFECTS, AND CONTROL

U INTRODUMTON sious to the muzzle of some antiaircraft gv"A to W~
duc th inenstyof the fisSIL Mienoes and tompank.

DU~IRM W WARIT medlun-a~libe guns Vistht ue on ~ M bae

devloped, and the trend cninued toward an Incirease Dtpmsl7 VU.lat.ea

ini ths prpri These hihpesr guswr the neighborhood of the muzzle. They were originally
at first used for defense against aircaft, but later th devised as supplements to recoil mechanisruhs though

Von~~~ ~~~ a"tqfra n ietfr g~ntamrd at prezent, when tke design of recoil mechanisms of-
vehiles na imoxs. A thee trget ~ __ fra no particular difficulties to the ordnanae dagineer,

were fired at low elevations, and soon offensive anud ebae reue rmrl o euerci n
defensive tactics were developed which required dig. ergy so as to permit the mounting of high-pressure
ging in the gun so that at times the muzzle barely guns on lighter carriages.
cleared the groundL Although work hsaz been done on muzzle brakes in

Wit soe gns hatsawacton n WrldWarIimany places for many years, the Garmine were the
the muzzle-blast problem had already become aeute.frt&uigWrdWrIt aeetnieueo
On land the blast tore up the ground ahead of them Thyntoueavriyof uzlata-

muzze ad ~aaedgree ~ f a~ t~~t n~ ients but all the"e wore eventually supplanted by the
obscuredl the target but. also revealed the gun position familiar 2-bafl~e brake which has been copied. so -
to the entray. At times the obscuration problem be tUnsively by other armies. This brake is a simple,
came critica, for in direct Are the target must be~ se sturdy unit of medium efficiency. The BlritishiP
and, -when the target is a moving vehicle, the strike of dvlpdhg~fiinybae o s nte6
the projectile must be sensed. A high rate of fire is a one n 7p'nu, u h akbatfo

uselss uxuy whn te gn isenvlopd Ina coud these brakes was too severe on the gun-crews, and they
of daL t sa, her th deks re rowed ith made extensive use only of a modification of the

high-velocity guns as a means of defense againist air German brake.
attacks the blast effects of a ..hip's own guns often The only American brake put Into the field in mod.
produced more damage than that inflicted on it by orate quantities was the M12 brake on some of the later
enemy action. The crews were injured by tho cumula- 76-mi guns mounted on tanks and tanlk destroyers.
tivo effects of the blasts and structures were heavily Little thought was given to the development of muzzle

dI~ag~d.attachments until late in World War II. This lack of
As muzzle velocities increase, limitations appear in interezt was due to the conviction that existing recoil

the tactical uses of high-pvtmure weapons. A gu mnechanisms were adequate to ab~orb the recoil energy P
that injure As crew, tears up neighboring structures Of the high-pressure guns. No great attention sieem
with greatt r certainty than enemy fire, eveals its pol to have been given the possibility of reducing the
tion throuqr" excessive flash, smoke, and dust, while weight of the mount through the use of a muzzle
effectively concealing that of the enemy, obviously brake, and great objection was made to the blast effect
needs something to tone down its performance. With produced toward the rear of the gun when any blast
the development of new types of weapons, such as deflector is attached to thu muzzle. Eventually, gun
rocket projectiles, it would seem that the modern high- crews became accustomed to the back blast from the
pressue gun is already obsolescent unless something M2 brake on the 76-mm gun, and they were demand.
is developed to suppress the vioknee .3f the blast. ing the brake principally, it seems, because the Gar.

The only attachments that have been used to any mans were using it.
extent in controlling blast in medium-caliber 6una ar A demand arose for the development of muzzle at.
muzzle brakes and simple cone or blunderbuss extea- tachinents when it was observed that under certain

ePartinent to War Department Projects OD15 an conditions the atandard type of brake greatly reduce.,
OD-IflO, and to Navy Prmject. NO-144 and NO-20L. obscuration from dust, andi some who had tnot felt the
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13 KMEZZLKC RLAsr

need of a brake, a such, advocated its use for thre. may be screwed on to the muzzles of existing Cuns Ot
lid of the dust situation. Toward the end of World blast problem presents itself as a series of problems
War II a few experimental mounts were designed in with more or less incompatible solutions. For insteazc, --

which a brake was an integral part of the assembly. a high-efficiency brake may raise a great deal of du-
Early in 1944, at the request of the Army Ground and induce flash; a good diffuser which protects t)w

Forces, Division 9 agreed to attempt the development ground from the severity of the blast may navcrthe-
of a muzzle attachment that would suppress the rh- Lss lead to serious obscuration; or a deflector that is
ing of dust. Contracts for this work were given to effective in reducing obscuration may be a mediocre,
Princeton Uriversity, the Generil Electric Company brake and induce flash in a normally fiashmle round..
[GE], and the California Institute of Technology. Since only one attachment may be used on a gun at a
At the beginning it was decided that the three con. time, a more or less incomplete solution of only one
tractors were to work on different phases of the proj- of the component problems may be obtained or, at
ect. At the Princeton Station the development was to most, it may be possible to obtain only a small overall
be attempted of a light uttachment that could replace improve-nent in some group of blast effects, unless ths
the setndard brake as a field modification and that drastic (hanges required to control blast as a whole
might posaibly give immediate partial relief from are cont& mplated.
obscuration; at GE a correlation was to be attempted The simplest problem pertaining to muzzle blA is
between the properties of high-pressure transient jets that of the muzzle brake, if one disregards the other
and proper sequences of steady-state Jets, a high-pres- blast effects. The action is well understood and it is
sure steam "gan" emptying into an evacuated chamber relatively a simple matter to design a brake of high
being prop..ea; and at the California Institute of efficiency. It is another matter, however, to utilize a
Technology the basic work for a long-range program high-efficieucy brake; the braking action that may be
was projected This separation of the project was not utilized Is limited by the back blast which the gun
always adhered to. For instance, while the steam ap- crew can stand. The problem of the utilization of high-
paratut was being a,sembled, GE engineers con- efficiency brakes can be comidoded as the problem of
structed a medium-pressure .30-caliber air gun on rendering thb' deflected jet innocuous. This, howevev,
which some 50 muzzle attachmnenta were tested over a is the problem of the control of blast ss a whole, for
dust table. This turned out to be extremely valuable if the defceted jet is made harmless, the blast oi the -

'a arriving at conclusions about the potvatialitieA of gun i$*reduced to that of the weakened residual jet.
field attachments. The piping of the deflected gases through ducts par-l"

The development of deflectors for the suppression lel to the gun tube to where they can be expelled
of dust was to proceed without regard for the braking harmlessly to the rear of the crew or up over the car-
action of the attachments. Soon after the initiation of rinags presents no difficult engineering problems. The
these contracts, Division 2 undertook to study the great problem that has been encountered is in the do-
properties of muzzle brakes at the request of the Ord. velopment of a deflector that reduces the fornard jet
nanco Department, and the contract for this work was to the niagaitudo where the superstructure is Justift.
"given to the Franklin Institute. able.

As part of the muzzle-blast investigations under The necessity for resorting to extreme measures in
Division 2, Princeton University Station also accepted controlling blait is seen in the failure of simple at-
a contract for the rfudy of the characteristics of high. tachments to reduce blast effects satisfactorily. With
pressure jets by the interferometric method. This work increasing pressures and larger calibers the partial
w'xs undertaken at the request of the Bureau of Ord. results now obtained become even less obvious. For
nance of the Navy. instauce, a diffuaer that has been developed which

* During the progress of these iuves'igations it his eliminates the flash from a flashing round in the 76.
became apparent that recoil, obscuration from dust mm gun produces no obvious effect on the flash of a
and smoke, and flash must be looked upon not as Lo- 90-mm gun.
lated problems, but as components of a muzzle-blest It is now possible to construct a deflector that ro-
problem that must be considered in the design of duccs the residual blast to that of an extremely low-

* . gvn and mount assembly. So long as one persists in pressure gun and that controls the deflected gases so
thinking of solutions In terms of appliances which that they can be piped backwards.
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MUZZLEJLASr CHARtACTX 1M• 1

MUZZLE-BLAST CHARA&TEBISTtCS rarefaction front reaches the breseh, where it is W-
fTemted and moves forward riding the outftowing p•

The blar that follows shot ejection may be consid, until it comes out at the muzzle. Moat of the emptyin"
ered either a a mild explosion or as an extremely action takes plaee while this rarefaction front Is inhigh-preture transient jet. It is a mild explosion with
respect to the mass of the detonated charge. The gas
generated by the burni of the powder expands em- .
siderably In the gun tube and loses a large fraction of ,.
its eneroy In accelerating the prowecsile to muzzle vs.
loc•ty before it is released Into the atmosphere at shot
ejection. However, the gas still retains a great deal of .- ..
energy at this time. At the muzzle it Is moving with 4

the velocity of the projectile under a pressure of 800
to 1,000 at= and heated to a temptrature around
1500 K. The time it takes the gun to exopty is of the
order of magnitude of the travel time of thi projectile,
about 6 me ein the 3-in. gun. Tho most obvious char- A __.,-

acteristics of the blast, as shown, for instance, by..
$park photographs% are a strong almost spherical air1
shock and, within it, the greatly expanded let from
the muzzle. The evolution of this jet Is determined
by the flux of gas out of the muzzle and, in its earliest -
stages, by the flight of the projectile which interferes
with its formation; and the Eux out of ilie muzzie is
determined by the state and velocity distributions of

* th-c &is within the tube at shot ejection.

4.L1 Motion of the Gas within the Tube
after Shot Ejection

The probleni of the emptying of a gun is thOo.UR Tu5Z
tinuation of the classieal problem of interior ballistics B
that begins at detouation of the charge and ends with IT
shot ejeetion. In bome respects it is a simpler problem Fiouss I. Prerure and velocity distribsttlions after

t.ince there is practically no burning of the powder shot ejection. A. Pressuredistance distribution, B. Ve-

and the gas is expaneling without the restraint of the loolty-distaos dntbutiom.

projectile. The solution of this problem has beeu the tube. An important phenomenon occuro when this
pi.ced on a satisfactory basis."' front emerges in the jet; a description of It will be

Figure 1 shows typical pressure ar.d velocity curves given after the jet has been devcribed. In tho problem
during the principal part of the emptying time. of the blast the important rebulte are those that give
Curves 1 show conditions at the time of shot ejection. the outflow of the gas from the muzzle.
Because of the high temperature the velocity of sound ." T last Characteristics
in the gas behind the projectile at shot ejection is very
high, generally higher than the muzzle velocity, so that The characteriati.sa and evolution of feo blast are
the sudden pressure drop whch occurs At the muzzle is known qualitatively, principally through alotrk photo.
propagated back against the stream as a wave of rare. graphic studies of the burst from small arms and of
faction. At the muzzle this wave moves slowly reletive high-pressure steady-state and transient Jvt•.'"
to the tube, but it acquires speed as It reaches the Figure 2 is a sketch showing thes relevant features of
slower moving gas witidn the tube. Curvcs 2 and 3 the burst from a caliber .a0 rifle firing iwrvice am.
show the pressure and velocity distributions as the munition. The sketch Is based on a apark photograph-.-'-
rarefaction front moves toward the breech, this front taken about % macc after shot ejectionj when the
being marked b and c. Curves 4 show conditions as the bullet no longer Interferes with the blas..
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136 MuZZX BLAST

The air shock that envelope the jet is narked a. The As the gas cross the oblique shock c. Its speed Is
etrangth of this almost spiý,iica sh1ock is greatest in checked in the direction perpendicular to t -hook •

*.< front near the bore axis and attenuates gradually to. surface so that the streamlines are violently deflected
ward the rear. As the shock front recedes from the toward the bore axis. Most of the gas that crowse the
muzzle the center of the surface moves forward along shock c also goes through the oblique shock e, where
the bore axis because the surface elements where the the streamlinei are deflected away from the bore rxi.

dsak srength is greater recede fasta. A typical streamline that crowes these abolma is

......... . ...

I "

464

.. .. .........

Fjouau 2. Blast from .30-csiber rifle (from sprark phota3aph taken X ras after ejectlon).
I

The expansion of the jet takes place in the region marked f. The streain becomes subsonic on crossing . - -

marked b, which has been called the boMtle. This bottle the normal shock d. The (lotted line Is roughly the
is bounded by the cylindrical oblique shock c and the boundary of the supersonic flow. The boundary b,.
normal shock d. The gas lcavcs the muzzle with the twcen the relatively slow-moving gas in the region h
local specd of sound and expands freely as if there and the fast-moving gas in the region g is very sharp.
were no atmospheric constraint until it crosses the ly defined near the intersection of the shocks.
shocks. Within the bottle the velocity of the gas in. Surrounding thn jet boundary there is a highly .
erea&s( steadily as it moves away from the muzzle and turbulent shell i in which the outer lamina of gas
becomes hiGhly supereonic before entering the shocks, mixes with the outaido. air. At j this turbulent miz.
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*i@ISMt•LZBLAST CNARACT ISTICS 137S

lng region forns a strong annular vortex called the shown in Figure 2, the shock smooths out Into a
,make vag by analogy with the smoke rings blown nearly spherical shape
out by smokers. This smoke ring is a vortex in the jet The jet cannot develop its characttriade shape, of
and need have no arac..o in It, of course; when It does course, until the bullet is beyond the point at which
it can be seen clearly, the shock d would, normally occur at the exsting

In the region k close to the bore aWes may be seen muzzle pressure. The expanding gas attains extremely
unburned powder partieles travellng at vry high high speeds and when the projectile Is close to the
speedo a3 indicated by their bow waves and. wakes. muzzl a shock forms at its base; relative to the gas.
Even In the stage of the burst shown by this sketch a the projectile travels toward the gun at supersonlo
few of these particles break through the traveling speed. This shock eventually detaches itself from the
shock a into the still air ahud base and becomes the shock d. In the .30-caliber fir.

A time photograph of the blast taken In a dark lugs the shock becomes steady at a distance of about;
chamber will show a muzzle glow at i aad a glow, 1A calibers from the muzzle. Thif distance Is marked.
called primary flash, in the region in behind the nor. A in Figure S. At first the diameter B is the greatest
mal shock. Neither of these is due to burning of the diameter of the bottle and Is equal to A. The distance
gases, since neither of these two regions ocmcs in A remains constant while B shrinks until B - 0.5A.
contact with the air. Muzzle glow and primary flash While this is taking place the maximum diameter of
are observed even when the gun empties into a nitro- the bottle drifts toward the muzzle and attains the
gen atmosphere. The same change in composition of final value 0 = 0.7A. Beyond this point the bottle
the gases taking place within the tube which accounts shrinks without appreciable change in shape. Sines
for mu•lo glow aloo accounts for primary flash. The the rate of emptying of the gun is greatest at shot ejec-.
action is inhibited as the gas enters the relatively cold tion and attenuates very rapidly at first, the most
bottle and starts again as the gas enters the normal damaging fractiou of the blast comes out before the
shock, whore the temperature rises to a value neer jet has attained a quasi-stationary shape.
that at the muzzle. The unburned powder particles Spark photographs record only sharp changes in
no doubt contribute to the phenomenon by being preasuro and density. Small density changes can beat
heated to incandescence in going through these re- be observed by Interferometry. An interferometer is
gions of high temperature. The burning of the powder essentially an optical system that splits a beam of -

gases, called secondary flasb, which is the principal light Into two beams and recombines them in su-.;1 a
element of the flash in medium, and large-caliber way that corresponding points of the two beams on-
guns, occurs in the turbulent mixing region. It begins Incide finally. The interferometer is adjusted to give
in the forward region n of the &make ring and travels alternating zones of interference and reinfoicement
backward until the whole turbulent shell is involved, of light (fringas) on a photographic. plate. If the
The smoke ring continues to burn ai. it moves forward, denaity of the medium through which one of the
so that a time exposure of the burst from a D0-mm beams passes is altered, a shift in these fringes is
gun, for instance, taken at night produces a carrot. observed, the amount of the shift depending on the
shaped fogging of the plate some 3 tube lengths along density change. If one of the beams is made to pass
the bore axis and 1 tube length across. through a jet, a distorted fringe pattern is obtained

In the earliest stages of the blast, from the time from which the density distribution throughout the
of shot ejection to the tfire when the projectile Is Jot may be computed. A number of methods have been
10 to 15 calibers from the muzzle, the shock a takes developed to obtain the density distribution from the
on a variety of forms, depending on the condition observed fringe shifts. The computations are laborious
of the tube. For instance, if the tube is worn so that and require the use of modern mechanical aids.'-*
gas leaks past the projectile while it is traveling In By an extension of the results so far obtained on jets
the tube, the early shock has the form of the outer of moderate pressures, it is poisible to draw a qualita. " -:
surface of two intersecting spheres, the smaller one tive picture of the density dictribution in the jet from . .
ahead of the bullet; if the tube is new the shock is a gun. Figure ; '-ow• this distribution at two see-
open ahead of the projectile and does not close until tions: A is the distribution along time bore axis, and B
the projectile is 4 or 5 calibers from the muzzle. In Is that at a section through the bottle normal io the
any case, by the time the blast has attained the stage bore axis. Besides the fluctuations indicated behind
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US MUZZLE MLAW

A ~of then. streamlines into the muzzle Is ladicatoi byI thiebroken UminaaltheAgume
Peak-blast pressures, as measured by gauges Placed

at varying distances from the muzzle, attenuate uni.' .forml with ditzeein the manner characteristi ofi
all explosiona. The scaling of blast pressure according

INV= ~~and the state of the gasIn thetube at abot jecoioa.
The latter Is not accurately known for moat guns.
Figure S shows the resuli~ of scaling the blast me

corded for a n'umb3r of guns to .50..chliber scaleO

&%U U DUVM
J~(4" .& .31M#~U

1M 0 a.a4 two POS(IMI)l

Fiouam 3. Denalty diatributlons In let. A. UmeWd~n1I
ditibdn. B. Dimetral dittriguon.

the shocks, minor fluctnations are observed within the 44) t.q..

bottle. These fluctuations lead to the waviness of the - - - -

shocks observed in spark photographs and shown In L..
Figure S.

* .By inserting probes into the Jet it is found that m~u~a1.. M",ri sR MU~e gou £UUM 6a MuIOM
the streamlines within the bottle, before they are Vioutti & Attenuatien of Most pressures wit distancee
dcflcctedI by the oblique shocks& and in the regions not (ZO-car scala).

* ~to-~ near the muzzle, arc practically straight and oon-
verge in a point on the bore axis close to the muzzle,' 4X3 The Terminal Rarefactiwi

Trho two curves marked 6 in Figure 1 show the state
as sownby he olidlins i Fiure . Te etenion of the gas within the tube just before the rarefaction

front reaches the muzzle after reflection at the brooch.
In Figure6A the pressure curve is continued along
the axis of the jet and beyond the normal shock. This
shock is almost stationary relative to the tube but
moving iip~trcam with a relative speed determined

* by its strength. The rarefaction front will meet this
shock at some point A. What happens after the on.
counter may be aien by !,eterring to Figure OB. The
top diagraen shows a shock and rcrefaction wave mov-
ing relative to the still gas between them. The rare.
faction front has a velocity c determined by the tem-
perature of the gas into which the ware advances and
the shock has a velocity V determined by this temn.
perature and the ratio of the presaure before to that
after it. Theo bottom diagram shows conditiom. after
the encounter. The rarefaction wave is now traveling
through the lalilier prtessure gas behind the shock-
with a velocity c' - u, ýnd the shock- now moves with

Fiouns 4. Streau~as wittiin ps, bottle, velocity VI + u.; whore u0, us us~ are the local -

CONFWENTIAL



-. . .. * .... - ..

particle velocities, as indickted in the ftgur. Because gun. Muuule-blust effects increse with increasing

of the nonlinearity o tLe tow the interaction of the chare man and decrease with increasing length ed
two waves is not very simple, but roughly it may be tube, although increasing the tube length Iner•i-.
said that the rarefaction gets through the shock with. the Telocidt.
out essential chne After the interaction the.
bottle ftoeustes, more rapidly." The rmarf oz i . Recoils
propagated in an dirvctions and euperpo, the vloo. The recoil of a gun Is due to the backward premus"
itla behind it throughout the neighborhood of the of the gas on the breech. Recoil begins at detonation
muzzle, of the charge and is ended by the action of the rseoil

mechanism. The recoil characteristics of a particula
gun depend principally on the mount. For Imtance,
the 37-mm antitank gun MS recoils 30 in. whereas'J the 76-mm gun mounted on the HIS8 vehicle recola

only It in. The recoll energy of a gun, however, 4e.
I pendh on the same quantities that determiae blastI' severity; that Is, on the charge weight, the projectile

I weight, and the length of the tube In callior. The
recoil energy would be the kinetic energy of the me-
coiling parts after the emptying of the gun, if thaw
were mounted on level, frictionless runners parallel
to the bors azis. Recoil euergy is usually computed

A- by equating the momentum of the recoaling parts to
the momentum of shot and powder at the time of

V vahot ejection; there is, however, an increment
ergy given the recoilhig parts by the pressure on the
breech during the emptying of the gun alter shot
ejection, which may be eonsiderable in high-presaur.e

.... guns. Recoil energy Is most simply measured by
to mounting the recoiling parts on a free swinging

p"ndulum.""12,1 -
The reduction of recoil energy by means of a mus.

"Vs hale brake, as distinguished from the mere reduction
of recoil length by a recoil mechanism, depends on the
utilizablo energy of the blast; that is, on the kinetio

B and available internal eaergy of the gas as it com-a

P 6. Te n i rarec tion In sunbbl Ak. A. Preesuf out a. the muzzle.
dletributlon before cruagenoe of aerfaocti tront. B D
B. lniorsetion of shock and rarestbtion wave. 14 Blast Damage

U1 BLAST EFFECTS Damage to structuies by muzzle blast Is due prin-
cipally to the effect of the suddeo blast pressure, but

The effects of the blast near the muzzle are those close to the muzzle an important contributing ele."
of a mild explosion modified by the axial direction ment Is the reversal in pressure that accompanies the
of the flow of gas, the interference by the projectile terminal rarefaction. Near the muzzle the effects of
with the jet in the early stages of the blast, and the this reversal are quite obvious. For Instance, on firing
retardatior, of the outflow of gas by the length of the a 3.-. gun at low bore heights over a blant, mat, the
tube. For a given gun and type of projectile, muzzle. pins that hold down the edges of the mat are. of tan
blast severity increases with muzzle velocity, but it torn xt and the loosened mat folded towards the
Is more accurate to consider the blast na a function gun. If enough pins are pulled out the mat may wrap
of the churge weight, the projestile weight, and the itself around the gun. The edges of the mat may be
ratio of the length of the tube to the caliber of the 10 feet from the muzzlo when this happens.
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The action may be visualized by considering a box ao these changes cause the air surrounding the pe..
with a dosed lid. not hermeticaly ea placed near tice to move. This statement Is true oven for stron
the muse. The initiodblast prisure will tend to close -shocks
the lid tighter and to crush in the wala. The peak S. In the absence of turbulence a dust particle a).pressure, however, is of extremely short duration and ways hu the velocity of the surrounding air super.
will merely give the walls and lid an initial inward. pose on its characteristic settling velocity.
iumpule. The - but AM hi p.ro mm beiMd L The . of the ground is produced y the-
the shock front wil caue afRow of air into the box hlh-spea jet. Viscosity makes the ir adhere to th,
and build up the pressure inside. When the rarfaction surface particles. These are dragged with the currant
wavey ome, the lid will tend to fy ipen because of and actus an abrasive.
the relief of pressure outside which is of relatively 4. Turbulence scours the ground and diffuses dust
long duration. When account is taken of the fact that that it picks up, but these processes are relatively
most structures are troager against pressure applied slow. The principal function of the turbulence 13 to
from outside, it wili be seen that the rarefaction may keep dut in the air from settling out.
account for a great deal of the damage of the biltL 6. DI).t that has been pickod up by the jet !a held

Injury to personnel from a single round is probably in suspension by the turbulence in the smoke ring
due to the peak pressures. A membrane as Uight as an and mixing layer surrounding the bottle and is trans.
ear drum may be broken by the impact of the shock ported upward by the larger scale currents in these
wave. Repeated firings, even when the pressures are far regionL.
below critical, produce more subtle effects. 8. DuAt is picked up and may be raised a consider.

able distance whenever a wave of rarefaction can
"4 Dust and Obscuration of Target penetrate the ground before complete reflection. The

velocities of the air behind a -ove of rarefaction are
When a gun is fired over dry ground, a cloud of opposite to tho directiott of propagation of the wave

dust rises explosively near the murme. Fast motion and cause an explosive rising of the dust.
pictures may be used to study the rise and motion of The explosive rise of the dust caused by the tar-
this cloud.' When the gun fites at low eevation and minai rarefaction can be obse-ved in fast motion pio-
low bore height the blast scours tue ground in a char- tures. The amount of dust raised by this wave is
acteristie parabolic pattern. Iu the abrence of wind considerably less than the amount picked up by the
the compact cloud takes on the motion of tDo blut; scouring artion of the jet, but, coming after the main
it drifts forward, expanding slowly, its outer bound, blest, it tends to stay close to twe gun. The main
aries swirling in the direction of the voeLicity of the traveling shock develops a rarefaction region behind"
smoke ring. Gravity eventuatly settles out the dust it. On penetrating porous ground it raises dust a
particles but this thinning out of the cloud may be very small distance above the surface. This shock con-
very slow it the dust is fine. Any wind, of course, tributes to the raising of dust by preparing the ground
impart. its motion io the cloud and diffuses it. for the blast that follows.

Though the motion and attenuation of the dust The obscuration of the target by tho dust cloud
cloud may be recorded by motion pictures, the proc. is by no means simply related to the amount of dust
esees by which dust particles are picked up and tr.ns, raised. Obsouration is characterized by its intensity
ported cannot be observed; but the laws of mechanics and its duration. Both thees elements are greatly
that govern the motion of individual particles and the affected by meteorological conditions. A dense com--
statistical laws that dtacribe the average behavior of pact cloud that produces total obFcuration may not
a largo collection of particles are well known, of be objectionable when a strong side wind sweeps it
course. Theoretical studies have been made which away quickly from the line of sight. On the other
lead to a satisfactory understanding of the scouring hand a diffuse dust cloud of great extent which pro- .
of the ground by the blast and the raibong and diffu, ducea incomplete obscuration for a relatively long
sion of dust.""' The principal coJusions re. time nuy be quite objectionable. An extremely teonu-
gardizg the raising of dust by the blaLt are the ous cloud may produce severe obscuration because of
following; the scattering of light by the small dust particles,

1. Pressure changes in the jet and air ,e .'.- 4-- ;,nee the eye can distinguish only the contrast be-
little to the motion of a dust particle xc•,. o "ar tween the transmitted and redected light.
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_ PARTIAL CONTROL or BLAST DY hw ATTa rrs C141

Since obscuration as It affects military weapons is The blast also contributes to obscuration in an aL.
Sfield phenomenois, the measurement of obsration tended sense by causing the gunner to flinch; during

is a ortatistical field problem. The character of the the time it takes him to recuperate from the effects
obscaration aaeociated with the blast of a particular of the detonation the target is genera'ly obscured and
gun is not something thut can be determined in the his sense of its direction inpeire& Even when sight.
laboratory; it is obtained u an average of the results ing through a telescope he may not be able to tke
of rng the gun undu a great variety of felWd con. a•vantage of brief intervals of cesrwn.
ditionc S;nce the l arge uns must fire into fixed
impact areas within small traverse ranges, it is diM.. ' Flash
cult to obtain an adequate variety of conditions. The flash from a medium-caliber high-pressure gun

The obscuration due to a particular round may be is brief but of great intensity. At night it lights up
measured in various ways. A direct and simple method the surrounding country vividly and may produce
is for one or more observers with stop watches to complete blindness for a few seconds. Secondary flash,
record the duration of total obscuration. This method being produced by the burning of the hydrogen and
is quite satisfactory when the gun is fired without carbon monoxide in the jet, is in effect a secondary

I muzzle attachmetit, for then the dust cloud usually explosion which increases the blast pressures. With
has well-defined boundaries so that visibility 15 as high rates of fire, flash adds considerably to person-
sured as soon as the cloud is swept away by the wind. nel discomfort.
I f there is no wind the cloud attenuates as gravity

I settles out the dust and visibility continuem to improve
aft ler the target is first visible. Muzzle attachments 4.4 THE PARTIAL CONTROL OF BLAST
generally introduce secondary effects by dividing the BY FIELD ATTACHMCENTi
jet; a period of clearing may be followed by a second--
sqy obscuration as the wind sweeps the dust raised When any device Is attached to the muzzle of a gun
to one side of the gun into the line of sight. Motion it interferes with the free expansion of the jet. The

* pictures, particularly with color film, taken at 32 or thrust of the gas on the attachment modifies the re-
64 frames a second are fairly satisfactory In giving coil energy of the tube, flash is affected hy the change
a permanent an4 general view of the phenomenon, in shock pattern and the diffusion of the jet, the
but the analysis of a series of films is laborious and shape and concentration of the dust cloud and its
there is surprising variability in the results obtained obscuration characteristics are altered, and the die- r,
by different observers. tribution of blast pressures near the muzzle are modi-

= A rather elaborate method for measuring obseuta- fled by the change in the shape of the shock front
tion in the field has been developed."-" An instru- and the redistribution of strength along it. The pur-
ment -.hich consists essentially of a phototube and pose of muzzle i ttachments is to produce favorable
a suitable current amplifier has been built around a changes in vome or all the above-mentioned effects.
Heilanid recording oscillograph. A strong light, placed A distinction has been made between attachment*
some 200 ft ahead of the gun, is focused so as to give that way be uied on existing guns and those that re.
a bright immige on the phototube cathode, the instru- quire more or less drastic changes in the constauo-"
meat being placed behind the gun. To make a meas- tion of the gun and mount assembly. The former are
urement, the light is turned on and the shutter ad- called field attachments. Strictly, no muzzle attach-
justed to give the proper current through the recorder. ment is a field modification on a gun. Small devices,

Th-- light is then blocked off by a card to give the no- such as the service muzzle brake, require the cutting
"the gun is fired. Thus the record shows full-light and weight on the breech block so as to allow the elevating
no-light traces and the varie.ble trace due to the duot amechanism to function freely. However, any attachz

"that rises between the light source and the pliototube. ment comparable to a standard muzz!e brake in size
• ".One channel of the recorder is used to makc a time and weight may be used al a field modification on a
" trace by driving it with a relaxation oscillator. Other gun prepared to take the brake. The devices that may

channels are used with switches so that observers be constructed to nodify the blast effects of a gun
may record the time at which they first see the target range continuously from simple field modifications
and thus establish the viisibility level of the record, to those that must be incorporated In the original dn.
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sign of gun and mount; however, those devices will and few w'dels were designed and fewer onstruet..
be canled field attachments which require for their in the larger calibers that could not have been brought
use only the cutting of a muzzle thread, the counter- down to the proper w•eights by economical dtesign;
weighting of the breech block, snd the possible whereas at the Franklin Institute, where the iuve-

strengthening of the elevating mechanism, tigation was more basic, muzzle brakes were used an
The reduction in blast effects that may he obtained the .J-0caliber gun which weighed 16 lb and were ro-

by the use of field alltachments can be expected at best ducible to 5% ILN '"-
to be incomplete, since through such device the ga,
is still ejected in tha neighborhood of the muzzle . Muzzle Brakes
with little, if .ny, lengthening of the emptying time A muzzlo brake consists essentially of a difuser ad and
It was seen that in a eun firing without muzzle at- a baffs. The diffuser is an extension of the mnuzzle
tachment the greateat blast intensity occurs near the which allows the -as to expand and guides it toward..

bore axs and tapers off gradually toward the resr. A the baffle surface; the baffle is a plate which deflects I
blast deflector merely breaks up this concentration radially the gas it intercepts. On being deflected the
of the blast; it can do this in many ways, but it gas exerts a pressure on the baffle surface opposed to ...
reduces the overall blast effectiveness only by the the pressure of the powder gas on the breech. This .
relatively small amount of energy made unavailable forward pressure counteracts to some* extent the
by the added shocks and turbulence which it produces momentum of recoil. For a given gun the effectiveness
and, perhaps, by the alight retardation of the jet when of a brake depends )n the fraction of the jet deflected
the deflector has a large capacity. Prusent knowledge and on the vector momentum of the deflected gas
of th6 deflection of a supersonic jet is qualitative and when it leaves ihe bruke. BrakeA are most successful,
still meager."a of course, on guns that have a severe blast. In high-

A feied attachment that modifies the blast of a given velocity guns an appreciable increment in muzzle ve-
gun satisfactorily cannot be expected to continue to locity is obtained only by increasing the charge con-.
show desirable properties when scaled up to higher siderably .2 The greater powder pressure leads to
calibers or when the powder pressure is increased. For g

in te poblm ofobsuraiona dvic on greater recoil energy, but this increase is riot so greatinstance, in the problem of obscurition, a device on av the increase in the available e,.ergy of the blast.
the 76-mm gun that produces a transparent dust A diffuser-baffle system with a number of variable
cloud may be acceptable even when it greatly length. elements has been investigated at length on the .50-
ens the time of partial obscuratiov. A '1ke deflector caliber gun.8*' 1 ' The generalized 1-baffle brake is
on a 90-ram gun may produce a comparable dinimnu- shown in Figure 7. The effect on recoil of variations
tion in the amount of duet raised, but the resulting in the elements marked C, D, E, L, N, 8 in the draw.
cloud can produce complete obscuration for a greater Ing was determined. In this iuventigation the plate
time than does the cloud raised by the gun fring diameter Q of the baffles is large and the effect of vary-
without attachment. A great reduction in the density ing it was not conaidered. The flange around the I-. _
of the dust cloud cannot be considered ans impove, diffuser, or nozzle, is not essential and in most of the
meat when the severity and duration of the obseura- brakes with non-zero reversal angle it was curved
tion are not diminshsdA backward to permit free exLpnsion of the deflected

The size of a deflector suitable for a field modifies- gas.
Lion is greatly restricted. Upper limits wer.3 taken as A selection from the results of this investigation iu
10 lb for the 37-mm gun, 80 lb for the ?0-m2m gun, giwvn in Table 1. These results are for the flat 1-
and 140 lb for the 90-mm gun." In constructing b.-ale brake and for the powder load adjusted to give
emaUl-ecale models of these attachments it is ,sually a breech pressure of about 30,000 psi and a muzzle
difteult and impractical to constru~ct An exactly sealed velocity near 2,500 fpa. The last column shows the
model, but. if the scale is maintained the * 3per limit per cent reduction in recoil energy obtained by the
for the .50-caliber tFn would be about 0.4 lb and for various combinations of elements. This quantity Is
the .30-calibcr gun about 0.08 lb. The eizcs of the v c0.
models built in the various projects involved in this -
program depended on the objectives o tbe particular B,.
investigations. At Pninceton, fvr instance, the object where E, is the recoil energy of the gun firing with.
was to develop a field modification for immediate use, out a brake and E, the recoil energy obtained when
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TAnzsa 1. Effetof -rarylag etaln elements aon the effllenny of a alena-baig e brake,.50-e r gun (D - 00 P - 30.000 pal)0

V. C L 5 N r.uotIon a ---

Group Variabl (calibers) (depsees) (callbers) (degrees) (calibers) recoil erwV
-- ". 0.5, 0 0 .. L. 31A

a'sal 3 2 0 .. l6 55A1
2a a * 2 .. 3. 23 1.- 6.,U • . . L t 6 8 .4 . .

N uI. I 0 2.25 ,,I. 07.8 .-
ant le 2.5 10 2.25 ,,1 . 821 --

(C) 21.5 0 2.25 .. 1.1 73.8
L a-2.W U 5(1 2.25 .. A 708

in Xmoas. 25 0 4.5 ,, I. 67.5
Me 2A "10 4. .L 63."

(C) 2.5 20 C.5 ,, 1.1 70.

IV Diffuso 2As 30 2.25 1.12.1 37 2.26 ".1 o0.2

sh1e6. 30 2.25 10 1.1 70.6"(a 2.5 30 2M4 15 1.1 70.0

i a-eteO r 25 0 2.26 . 1.A 62.1
(12r) 2. .0 2.25 .. 2.0 55.3

2.5 0 2.25 ,. 2.5 50.9

the brake is used. The weight of the recoiling parts firing a service round" for which P > 50,^i0 pal end
is maintained constant. v = 2.700 fps. As has been pointed out, this variation

Usually R is called the efficiency of the brake; in effectiveness is due to the difference in em~ptying
but it must be borne in mind that it is the efficiency charactoristics of the iwo k;tna.
of the combination of gun, round, and brake. For The effect on efficiency of varying the powder load
examplE, a combination of muzzle-brake elements that is indicated in Table 2. The P, 6. column (P = 30,000)
leads to an efficiency of aiwou 70 per cent on the shows the values of R li,.ed for Group I in Table L

: .50-caliber gun, firing a round for which P = 30,000
.pqi and r = 2,500 fpa, yields an efficiency of only TAeai. 2. Effect on efficiency of varying powder 1.oh.
aibout 50 per cent when used on the .30-caliber rifle, flt l-bafite brmke without diffuener, .0--,ealiber gu•.

W A. ICIP, R (per oent)
3 P - ao,000 P -40,000 P-M-50,0

. - Lt -e1 (calibers) Wp.) (psi) (PwI)
- 0.5 31.4 34.0 3.0.2MouNt- 1.0 55.1 W5.3 67.2

2.0 65.8 67.9 69.0
-,3.0 68.4 70.4 72.0¢ONCI -,

From the point of view of the Lateception and
. I deflection of the jet as -well as from thet of the design

......- , of brakes, a convenient parameter is 8S, with M = 0,
shown in Figure 7. For example, in Group IV of Table
"1 the efficiency of the brake is lowered by the addi-
tion of a diffuser conae.b This reduction is observed

'.:,IQ. oA ITn when S + L, the distanea to the back of the plate,
is maintained constant. This result is to be expected

-nto' - , bI" this Invcetigatlon the baffle orifice cone i called dif.
-A FALt fuser cuer; however, with respect to the deflected pa It Is a

Firuaa 7. Muzzle brake. Ith principal design var•ables. compreuser.u
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,.*.nce the jet is now inerepted nearer the mu-la of the figure, one for P =30,000 pi, the other for P
"where the expanson is Iws. Mintaining S, constant = 50,000 psi, show the computed and obaered aUglm
will show the effect of the diffuser cone on the de- of recoil due to variations of the nozzle angle for a
fiectod blasts Again, the third entry in Group I1 flat bpAs spaced at 1.25 in. The known ballistic quan.
shows a significant gain In efficiency, as compared to Uties -used in this formula are net bore area, muzzle
the fouxth entry in. Group I. obtaincd by thA Intro. velos,7ty, weight of recoiling parts, weight of proj.e.,
duction of a noule. Howeeer, in Group 1, 8j--= 8 tile, and weight df chare; besides Owe, the mus."

3 calibers and in Group 11, Sz = •S-+-L,= 4.75 preiuura at shot ejection must be computed and the
calibers, and at least part of this improvement must
be attributed to the greater spacing.

From the data obtained in these tests requirementa
for brakes of low, intermediate, and high efflicie
hawe been proposed. These requlrements are show.
in Table &

TArn~n 3. Muzs!e brako requlreiwts.Me

Low Intmadht Filth .100
effiWneny e e .effieieo- WA 0 ."

Number ofbagle 1 1 2 1 .' 6

No. I laffle upacish (eeUibs) 0.5 2-2.. 2,
No.2 baffle speci•,•(oallber) . ... . t_, -W4

Reversal angle D (degrees) -- 30-0 0 F40-"5 ~
Nozule az~e C (dpegre) 0 lf-Z0 20410 *. -
Nosl length L (ullber) 0 2.25-LO 2.28-4.0 L.

• @ ~~0.s ~
hoott %PACING 01W.446MS

* It should be observed that efficiencies ranging from Fiaoas 0. Muss!. brake. Mct on reol of varying
87.4 per cNnt for P = 30,000 pal to 89.4 per cent bafle distr andspaclng.
for P 50,000 psi have been obtained with a single
baffle with D = 30 degrees.1 "' mean muzzle velocity of the gues estimated or ad.

An '!mpirical formula has bee- devised to pred.A justed to give results agreeing with exper;ment. The
the etliciency of muzzle brakes. The results obtained muzzle brake quantities are reduced to three area and
by the use of this formula agree quite well with the three angles which characterize the expansion and de-
results of tests on the brake deslgus used in this in- flection of the Jet. These quantities are found from

* Testigation, &3 is shown by Figure 8. The two curves the geometry of the brake according to rules empiri-
SO .eally deterwined frow. results obtained with the .5-"

caliber gun. No comparison has been made with other

- 4"ff Icalibers.
S-- "The weight of a brake is greatly influenced, of

- - course, by the plate diameter Q. As has been pointed
"- m, out, the mnaximum, weight of a field attachment sait.

| I/ --- i 5,AW able for a given gun is soverely restricted, and the deo-i.L A N. sign problem starts with this restriction. A pralimi.
I"nary investigation of the effects on recoil energy due

• ...* to variations in Q has led to a number of conclusions
- concerning the construction of deflectors in general

,.se, -MOOGP$, ,0 PSI and brsa's in particular. These tests were carried out -.
'Ath flat baffes on a .80-caliber rifle.16 Some of the

h A results obtainc, in this investigation are shown by the ,.
. . {. - # " solid curves of Figure 9 where the recoil energy ob-

* .5.*,, S U ?,J tained by usirig single phtcs of various diameters is -
FIGU S. T&eorsiceml and obsmeved v os La r oool plotted against 8,, tke plate distance from the muzzle.
due to nrlatlom in noasi4 an The curve for the 5-ir. plate envelops those for the . .
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smaller diameters Very near the muzzle all the
curves, coincide, showing that in that region the plate
diameter Q - 0.75 in. is adequately Iargv to yield the ME1o6C U9V Aees' . &uoa" Wo A
braking efficiency that can be obtained with baffe spas.- k5cOOmmIP 1 M A
inga not exceeding 0.13 In. At a spacing of about 0.13"- .
in., the curve for the 0.75-in. plate leaves the enve-Up•, and the distance of the pf of departure in- l I., -"m wu 4 i.-

cream with Increasing diameter. Beyond the point of
departure all the curves are very much like that for
the 1-in. baffle, which is plotted to S, = 2 In.

The effect of a second baffle is 'shows in the can -

where a 1-in. first plate is fixed 0.3 in. from the mus. 4 ""-
zle. The dotted line in Figure 0 shows the recoil en.
ergy curve obtained by varying the second baffle spasc. 2'
ing. Some such investigation presumably led to the -rso

proportions of the German 2-baffle brake.' Is THOs/tt

From these results, aided by spark photographs of
the deflected gues, the following general concluhions
have been drawn regarding the size and effectiveness sEALs_., re
of brakes: sTOEL&\ .

1. If the length of a brake is fixed, then the greatest i'-
. efficiency is obtained by using a single baffle of ado-

quately large dia.aeter.__
2. The weight of a brake may be greatly reduced

by using two or more baffles within.the fixed overall "
length. This reduction in weight is achieved by sac- 00
rificing eflceloncy, but the reduction in efficiency is H,• - I
negligible when two baffles are used. -

3. The maximum amount of gas that may be uti- -.

lized by any brake is close to that deflected uy a single 2.. __..

baffle of adequately large diameter placed at 4 calibers,.
from the muzzle.A qualitutivo analysis of the flow through a deflector

confirms these conclusions.' A type 9f brake designed SEt.L $At
on the basis of the results of this investigation is de-. NO X4130
scribed in the next section.

With the protection against muzzle blast afforded
gun crows by existing guns, only brakes of medium
efficiency can be utilized. The utilizable efficenciees
may be obtained from light attachments, such as the "
2-bafile service brake used on the British 17-pounder. 45'R

44.2 Deflcctora for the Protection of R AT 1GO ,.

Structures Against B3last Damage " S:--.

Any deflector that deforms the blast relieves blust . -._.-

"pressures in some directions, accentuates them in 2
others. Deflectors of moderate size may be used as aids

L I in protecting structures only if there are directions
available toward which the blast intensity may be di- .
rected. It is not sufficent, however, to deflect the blast Fiou 10. Blat deflector for 20-mm A/C canno. ""
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does the standard service brake. This last effect must What has been said regarding multiplet bafffing in
be taken into aowunt in the problem of dust because connection with umazzle brake$ applies equally well to
no Soeld attach-ent can eliminat obscuration wher& all deflctorub Mh 4-baffl unit i. about 55 per cat
thes gun Amfiresta the dug-in position. It is possible lighter than the 2-baffe deflector of comparable paý.
to prevent serious obacuration only by placing a mi. formance. It IF, not so efficient a deflector or brake as
ficiently larg blast mat under the deflector. If it is the 2-baffie amit. but the great.r strength of the for.

posbeto dig the gun in It. is eartsiny practicable to Ward jet produces no noticeable effects on the dust, at
spread a mat before it. At low bore heights the prin- normal bore heights and its efflclaq as a brake t
cipal function of the deflector ib to protect the mat probably as greAt au can be utilied when gun pi's.-
from the blast effect. seeeoeed their presnt values. It shows a tendenq

The 4-baffl deflector shown in Figur 11 has ex- to inhibit tuas. b

seeo

aaoo~~oSUM 0,C 00

loIG FO N. .043.u

SI~flON"s
Tsoci* 41£T*VW

~iouua11. Fur-bafle dfla iaw osupmonfdat
hibied he estoveallperfrmace n te tat.to Te dfletorshon i Figre 2 hs alare cvit

whic ithasthu fa ben sbjetedMJ~A~ orml ad te prt ra lhug dqaeylagI ml
boehegt ~spefraneisntditngihbl omae toi th talaeAlh'dfetrsprse

froAT A& ~ --te-b----,atoghcoet h teefc.oftetria rrfcinqut alf
grond t podcessomwha geatr oscu~iion toilyatlowbor heghs. . cnstucedit.genra
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niouns M2 Deflector of larg capacity for supprmssion of dust.

any deflector iu the duct problem Is enhanced by a
* .sufficiently great -Increase of its radial dimensions

without an .Increuse of the port area, but whether the
improvement in visibility justifies the Increase in A-J S ;C -C 0 C

* - weight has rot bc4, determined. Besides the dissadan. 4-.hs
tag. of increased weight, deflectors of large capacity
induce flash. W~en firing flashlesa, long-primer am-

* unition iu the 70-mm gun, a brilliant flash wual. _4 .1.j -.JC
ways observed when the deflector shown in Figure It12A
was -lied.

When the length. of a deflector and the number of .OT
baffll iW predettrmiiaed, the diameter of the baffle. s u 4* e
well as the. spacing miq be deteruined experimentally 1
for ma.Jmuzn braking action as was indicated in con. steem A-A B84
nectilon with Figure 9. The port area then is made as to WALLS

large as practicable. In the 4-baffle detlector theb. af-
fles were spaced as shown in Figure 11 In an attempt
to produce uniform flow through the ports rather
than to iive iax-imum braking action. A more effec-
tive means of distributing the flow is to vary the dism. AC

eters of the baffle holes as shown in Figur 13. This
method, however, diminishes the efficiency of the unit
as a deflector. Uniformnity of flow can be achieved by ~ ~~~
varying the port areas as shown in Figure 18.4 The Fiovtn 13. Arrangement of ports to snemwsUniorm ds..
capacity of this deflector i4 increased by Increasing the tU1bution of outflow from deflector.
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length without Increasing the &ameter. This deftectot and through expansion chambers that mighi,be pro-
baa reodved no ful-scue tests. vided the defletd jet would lose wusiderablo pram.
"4U Desectors for the Suppression gun; the disposal syserm, in effect, could be an ese..

e tire muffer. The design of such a disposal system
Of Flash would present no grave difficulties. Consider, for a-.The suppression of fulh and smoke is a problem ample, the simple system in which the set is subjee.

ut powder damiitqy, but mua attachmeut hae a tW an axially symmetrical deflection and the duct h-
8mt efect on the production of flBs. It has been the space between tha enter surface of tha gun tub
"ebaerved that multiplo-ble defaetos ot small capes and the inner surfpce of a ancenri- thin-woled tube
ity and with small baffle hole diameters and large of sufficiently large diameter. This duct would recol
port areas tend to inhibit flash. The deflector bhown with the gun and would have to fit lot, a second tube
in Figure 11 completely suppreass flhsh in the 3?.mm fixed to the part of the mount that moves a unit
gun, and an 8-baffle deflector similar to this completely with the recoil slide; that is, the firut tube would iw
suppresses the flash from a flashing round in the coil with the gun into a second tube fixed to the mount
76-mm gun 80 per cent of the time. The flash pro. but elevating and traversing with the gun. Beyond the

Sduced the rest of the time is weak and due to localized juncture of the tubes the flow would be divided and
Lurning of the deflected jet."" The 8-baffle deflector earried by two ducts which might turn upward and
did not show any obvious diminution in the flash of possibly forward over the vehicle. The thrust produced
the 90-mm gun, but the intensity of the flash from by the secondary deflection of tho gas could always be
this gun is so great that even a great reduction could directed so as to produce us rocking of the carriage.
not be detected by the eye. Assuming the possibility of such deflection this

maximum braking action would be available, and the

S4.1 THE CONTROL OF BLAST saving in weight of recoil mechanism and mount
would compwmate for the weight of the disposal sys.

Satisfactory deflection of the gas may be achieved tern. However, the silhouette of the gun would be in.
with relatively small muzzle attachments. The most creased&
efficient of these permit a residual jet to go through Such a disposal system can be Justified only if a
the forward hole which, by itself, produces unobjee- sufficieutly large fraction of the blast can be turned
tionable blast effects in guns at least as largo as the through 180 degrees. Oo method of controlling the
present 00-mm gun. The.problem theme deflectors leave jet is to construct a valve that closes the forward hole %
unsolved is that of the disposal of the deflected jet, of the deflector Immediately after the base of the pro.
The most successful of muzzle attachments is the jectile has gone through. A valve that abuts off the • -

muzzle brake, but its usefulness is limited by the great forward flow within I mee after shot ejection has
,. blaet pressures and other blast effects produced toward been constructed for the .30-caliber gun.' The scaling .

the rear of the gun when high efficiencies are utilized, of such a valve to large calibers preacata difficultis,
The dust problem can no doubt be solved by using a though not Insurmountable ones. A valid obj.ction to
sufficiently large attachment which deflects the jet the use of such a device is that a valve Is subject to
straight up. Such a deflector would be a mediorre malfunction. Deflection of a substantial portJon of the
brake and, because of the great downward thrust at jet through an angle greater than about 120 degrees
the end of the tube, its use would require radical by meais of a static deflector has been found difficult.
changes in the gun and mount assembly with a sub- A 1-baffle deflector with cone diffuser of extremely
stantial overall increase in weight. So long as the large size can be constructed which gives satiefactory
blast, howiever deflected or deformed, is ejected in the results, but multiple baffling to reduce the size leads
ueigblorhood of the muzzle there will be muzle-blast to jet separation with consequent decrease in
problems. efficiency.*

Assuming that the desired fraction of the jet can Close to the termination of this investigation an
be deflected through 180 degrees and carried in one efficieat and reasonably compact 180-degree deflector
or more ducts so as to eject it up over the carriage er was being developed.' The method of designing the -
sufficiently far to the rear of the gun, then near the Inner surfaces of a 4-bafflo unit is sketched in Figure
muzzle the only blast effects would be those of the 14. The dotted lines a, b, c, d and da emanating from
.weak residual jet. In paswing through the long ducts the mid-point of the muzzle are approximately the
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asymptote' of streamlines in the bottle of the free Jet. After the gas is turned through 180 Jegres it is at.
The lines d, d ae elements of the boundary of the lowed to expand into the ducts. The transition sectom"minimum residual jet which goes thrtugh a circle of also requires careful consideration. Even if it Is not

1.1-caliber diameter placed at 4 calibers from the mus. possible to maintain adiabatic flow, it to necessary
sl. ThU will be the actual residual jet, provided the that the transition be grad'sal to minimize turbulenc..

By maintaining % sharp boundary betwee the air in
the ducts and the powder gas until the prensur f-
substantially reduced, secondary burning may be
avoided. It is anticipated that burning within the dis-
posal system and flash on ejection of the gam'. will-•.. prove troublesome to ýontro! unles, perhapsm, a liquid.
spray is se within th ystem ";i

The ideal spacing o! the baffles in that which din-
tributes the flow uniformly between the psagses In

FX*oira 14. T7U 160I bloat deWectr.. Duigu of Inno' view of the intensity of the flux of gas out of the mui,-
"surfae Dimensions ae in ealibus. zlo while the base of the projectile travels through the

deflector it will be difficult to avoid an excess of gas
gas is allowed to &xpand freely at the muzzle and no going through the passages closest to the muzzle. The
shocks from the inner surfaces of the deflector enter spacing shown in the sketch of Figure 14 is such as to
the shaded region between d and d', for an oblique make the opcning; normal to the mia-streamlines ap..
shock that enters this region always deflects stream. proximately equaL
lines from outside into the shaded area. To ensure The only deflector of this type constructed was itthat rhocka do not enter this region or, if they entor, 2-baffle brake with 30 degree reversal angle.$ The re.
that they be weak it is necessary that the lips of sidual jet was about the weakest that has been oh-
the baffle cones be as thin as it is practicable to make tained e.;'n though the width of the passages had been
them and that thj elements of these cones coincide reduced to 0.07 In. at the point whore the gas had
with the streamlines as clc:cly as possible. From this been turned through 120 degrees. It seems quite car-
initial direction thq surfaces curve away gently so U tai that through this small area the speed of the gas
tv compress the intercepted gas gradually. was already aubsonie and that no los in flow uould

The layout of the inner surfaces is still a matter of have reslted from further tlruing. The braking effi-
trial and experience since there are no known methods cieney was fo.5 per cent. It has already been explfined

of onnuring the ieentropic compression and turning of that brakes on the .30-caliber rifle have low efficiencies.
a 3-dimensional supersonic jet. It seems unlikely, fur- and that a brake configuration that yields 50 per cent
Stherniore, that a static deflector can he constructed to c offiliucy on this caliber will yield 70 per cent on the ..
nuaintain isentropio flow at all stages of a transient .50.caliber gun. Since there can be no throttling of
jet. rractically, the compression and deflection of a the gas in the passages as there is in brakes with
supersonic jet can be accomplished only through a large baffle 6puciags, the efficieucy will increase with
system of oblique shocks; thic:o cannot be avoided, but increasing reverdal angle and with proper expansion
if the compression is gradual it may be possible to before ejection.
turn the stream without producing a normal &hock.
The minimum requirement in the present problem is
that a normal shock that may occur in the pusage be. 4A CONCLUSIONS
tween two baffles shcll be weak enough not to drift
down below the baee Lane lip, whore it would alter The blast problems that arise with hicreasing pres-
he central flow. Once the gu is compressed to where cures in the modern medium-caliber high-velocity
its speed in se~beonie it will follow the curved path guns require for their solution a detailed knowledge
more readily. The attempt to turn the gas as nearly of the phenomena associated with the emptying of a
ioentropically as possible is dezirable, however, for two gun if the solution of theae probltms is to be raised
reacons: (1) through adiabatic flow the greatest brak. from the triql and error stage. Methods of treating the
iug action will be obtained, and (2) the tendency to interior ballistics of a gun after shot ejection have now
flash will be diminished. been developed and a working knowledge, mostly . .'
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qualitative, of the blast characteristics has been am. Since the equivalent of the obscuration pzroblem
midated. 8implifif fonmdpu On which to bma the does not occur at sea, it should be poesibl@ to obtain
rational desi-. of muzzle attachments are still to be a substantial reduction of the bleat ffects in a shap -

developed; but progress has been made in the under. guns with relatively compact deflector-duct systems.
standing of the extent to which muzzle-blast electa
may be modi&d by 'various types o! attachments, and 4..
gena! predctiow reg ding th scaq ot e . ..
signs can nov be mad&. The modern high-pressure medium-caliber gun at.

The most successful muzzle attachments are the ready has groat competition In the many weapons that
muzzle brakes, but because of the high blast pressures have recently been developed, but it is assumed that
they produce at the rear of a gun only brakes of me. the highly mobile gun and the multiple gun antisz.
dium and low efficiencies are generally utilizabla, erdt battery will continua to maintain their places in"
These may be constructed as light units. So long as the midst of the now weapons. The surviviA of such
only moderate braking efficiencics are required, attach- guns will no doubt depend largely on the success with
ments may be constructed that inhibit lash or, at which their blast ifsetiought under control
leabt, that do not accentuate it. Freedom from obsou. Investigations of blast effects and of the potentiali-
ration of target is more difficult to ensure, but the serl. ties of blast deflectors would be greatly aided if the
•ousnese of the problem may be diminished. By taking scaling laws of blast phenomena were known. To de.
advantage of the strength of the elevating mechanism, termine these and at the same time augment our pro.
the blast may be turned slightly upward and this is ont knowledge of the emptying of guns, the following
aufficient to remice obscuration substantially at nor- programs are recommended:
mel bore heights. At low bore heights, slight upward 1. The theoretical investlgation of the interior bal-
deflection is insufficient to ensure visibility of target, listics of a gun after shot ejection should be continued
but by proper diffusion of the deflected jets it Is pos. until a working method for dotsrmining the flux of
aible to use a mat in combination with the deflector momentum, through the muzzle Is derived.
so that obscuration will result only under most ad. 2. The systematic measurement of interior ballistio
verse conditions. These improvemcnts can be expected quantities should be continued. Records should be
to be less obvious when the powder pressures are in- read for times after shot ejection at leat as long as
creased substantially above their present values. the time of travel of the projectile. This work should

The full utilization of the breaking action of the be done on small arms as well as on guns of large call.
blest and a more definite solution of the blast problem bar and should inchlde a range of caliber, tube lengths,
in general may be nchievod by disposing of the gases rolativF powder loads, and rates of burning of powder.
toward the rear of the gun or up over the carriage. A J. Work should be initiated for determining the
disposal system of this sort mnut be incorporated in distriaiition of momentum in the blast, that is, in
the design of gun and mount asuembly. Since i-ill- transient jets of short duration. This problem prem
braking action is utilizable in this scheme. the great sents many difficulties but some solution should be
reduction that may be made in the weight of recoil attempted.
mechanism and mourit may be etificient to allow a 4. A ballSitic pendulum should be constructed capa.
reduction in weight of the whole assembly. High. blo of carrying the larger of the medium-caliber guns.
pressure guns can be rendered practically recoilless Such a pendulum would greatly facilitate investigs.
by the u•e of such a disposal system. tions of recoil problems.

By properly shaping the inner surfaces of the do. * Field attachments comparable to the present muz.
flector the blast can be delivered to the return ducts zle brakes will no doubt continue to be used for
w'lout tendency to burn, hut it is not certain that a long time. For instance, when a gun crow is ada.
burning would not occur as the gas mixes with the quately protected by amor plate and the gun fires at
air in the ducts. To prevent burning it might be nec- high elevations it might be possible to use a high-effi.
essary to use a spray. In ficld guns the transportation ciency brake. It seems unlikely that small muzzle at.
of sufficient liquid to prevent burning would present, tachments that exhibit propertiei vastly different from
perhaps, a grave problem, but at sea the problem of those already observed can be constructed, but the fol.
spraying the gas in ducts would be minimized should lowing programs would be profitable: . -

sat water prove suitable for the purpose. 5. Full-scale models of brakes similar to that do.
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scribed in Section 4.5 should be constructe. vith vari. degree deflection of a large fraction of the blast, fol.

one reversal angles. It is belleved that tUese brakes loved by the effective muffling of the deflect PCa.
will tend to suppress flash it is still speculative to what extent blast eon be con-

6. The effect .n flash of simple multiple-baffte units. trolled by such meaw. One final program is strongly

should be investigated in various calibers, recommended"
T. The feam'bility of strengthening elevating mecha. 6. A 180-degree -eflector such a that decribed In

alms and balancin vltUng gos to take defec- Section 4.5 &oui @e eonat-uct. In a caliber n
tore of larger capacity which give the blast greater smaller than 90 mm. Disposal systems should be In-

upward deflection than those that have ahready been vestigated which expand and cool the deflected gao

tested should be lnvestigated. Deflectora similar to that before the eventual baffling and ejection to the point

shown in Figure 18 should be constructed to full scale. where burning and flash will not occur. If burning

It sm quita certain that groat reduction In blast cannot be prevented within such a system ty proper

effects cannot be achiored with anything less than 180- expansion, the effect of spraya should be investigated.
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FUNDAMENTALS OF TE(MMINAL BALLISTICS

Su INTRODT7CI• different target materials. Hovever, C'aptM 10 sal
14. whi& an con.wmd with particular missile-tarptRi AW=T of a weapon to neutrdis a objective interactions and or part of the terminel-bAilelM C

Tdependg at lest partly, on the relation between the work of Division 2, did result in the design of very
amount of protection posessed by the target and the special bullet for training aerial gunners and In th.
power of the 9eapon. OnlY the ttacking missile and. design of special methods of protecting teanks aganst
within limit$, its conditioa when it reach&; the target, shaped,_W missikle.
and the portion of the trget that is attaked i un- Chapters 6a T, 8, and 9 dert b the terminal balli•-
der the control of the oenfsen the ype, arrangement, tics of steel, ctncrete, plastic protection, and earth
and extent of the protection are at the disposal of the from the point of view of the work done in Division
defense. This competition between the power of a 2 during World War 1I. Much allied work from other
given attack and the strength of passive protection aource is included in the text and references in order
supplies the subject matter of terminal baliatic. Sop- to give a onmeeted picture without, of course, pro-e
cifically, terminal ballistics Us concerned v'th phs- tending to give a complete review oi all outside work
nomena occurring at the target. Other divisions of the on the same general subject. After some early study ofgeneral subject of ballistics, interior and exzerior, deal the terminal Wliistics of ordinary and armor steels in
with the phenomena in the gun and the phenomena general, the prineid emphasis in the work on steels
of free flight realm-tely, This subdivislon of the sub- was placed on exploring the phenomena at high strik.* ject matter of ballistics into three parts is useful even ing velocities (Chapter 4). Them studles furnish a
.. though tho distinctions are not alway sharp or een factual basis for assaying future trends in the develop.
applicable in all cases as, for example, with rockets or ment of both arms and armor u well as suggesting
aerial bombs. some of the specific features of projc.vYile design for

hypervelocities. An extensive study of the terminal
*2 THE WOK OF DIVISION 2 I ballistics at concrete (Chapter 7) was initiated by the

TERtMINAL BKAS11TICS Committee on Passive Protection Againat Bombing
* (CPPABI (later the Committee oh Fortification Do.

Different phases of terminal ballistics were studied sign (CFD]) to obtain information on which a ra.
by Division 2, NDRC, during World War II, the so- tionsl design of protective structurps, bomb shelters,
lection of prublna and the emphasis placed on the and fortifications could be based. The information
various research programs being determined by prac- gained wu aso" of value for the analysis of offensive
ticsl considerations arising from the needs of the operations. In this same connecion, work was done
Armed Services. These needs, of course, changed with on the terminal ballistics of earth and soils (Chapter
the favorable progreso of this war and the resulting 8). Another research program, of particular interest
general trend froim defense to offease. to the Navy and Merchant Marine, dealt with deter-

Thus the tcrminal ballistics work of Division 2 was mining the kind and degree of protection afforded by
concentrated on certain selected problems rather then plastic protection (British plastic armor) against
on an attempt to cover all of the unaolved problems small-arms fire (Chapter 9). Little or no work was
in the field. In moat case the object of the research done during World War II by Division 2 on the tar-
was basic information by which operational designs minal ballistics of rock, stone, gravel, brick, wood, and
or procedures might be improved and made more ef- other special materials which are of military interest
fectrve, rather than the development of a particular in this field.
device or gadget. Correspondingly, tus work was It is the purpose of the present chapter to outline
planned and organi.zed primarily in terms of the tar- the scope of termiual ballistics and to discuss in a
get material rather than according to the mi"iles con- general way some of the principal phenomena and
sidered. Thus Chapters 6, 7, 8, and 9 describe work on concepts involved.
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IMPACT CONDrWIONO IS'

MIMI against the target before any explosion takes place
stands in the forefront of our interorL

Some of the conventional types of rissiles are At impact there is a competition between misal
shown in Figure 1. Beside. bullets, projectiles, and and target in which not only the target but also the
bombs, however, shaped-charge weapons, rockets, frag. missile may yield in varying degrees. Thus a steel pro.
ments, etc., may be considered missiles in a broad jectile may shatter against armor, and a general-pur.
Uate. pose [GP3 bomb or high-exploaiva LE shell m" .:

deform or rupture against concrete. In both eae a
SMissi Properfiet considerable indentation into the target may still be

The principal properties of a nondeforming projec. achieved, even though it is less than would be pro.
tile are its weight W, caliber D, and shape. If a pro- duced by a nundeforming missile. Some of the typical
jectile deforms, these items change during penetration features of Service missiles that are involved in the
andanae therefore not sharply defiied. If only subsidiary question of deformation or breakup may be seen In
parts of a projectile deform, such as windshield, cap, Figure 1. Thus, the function of an armor-piercing cap

* or jacket, reasonably good estimates of penetration is to improve the terminal ballistic perfe~rmaneo of a
can often be obtained by uting only the weight, cali- projectile against an armor target by inhibiting the
bor, and shape of the noudeforming part of the pro. breakup or shatter of the remainder of the missile. A
jeetile. windshield is added to the nose of some projectiles to

A derived projectile parameter which Is partieu improve their exterior ballistics; against targets like
larly useful in comparing phenomena at different armor or concrete this windshield ia crushed and swept
scales is the calber deusity D, defined as IV/d'. This away during the first stages of penetratior. Interior
is a constant for similar projectiles of different cali- ballistic considerations have resulted in the provisiou
hers. For a given typo of missile the value of D will of a soft metul jacket on small-arma bullets to give the
remain within a narrow range for exterior ballistic barrel a longer life when many rounds have to be
reasons, in order to , achieve satisfactory flight fired; a.gainst steel armor or concrete these Jackets are
characteristics. This fact is an aid in estimating the soon torn off even wheu the core remains intact.

" weight of a hypothetical attacking nissile of astu,,oed, Except for some eases at high obliquity against thin
caliber. Thus, both foreign and American armor. plates, sh tter or deformation handicaps a missile with
piercing [AP] botubs and conventional steel projec. respect to the target. The breakup of small-caliber AP
tiles have caliber densities that usually lie in the cores in platic protection was found to be an essential
interval factor in the performance of the latter as a target.

D = 0.45 to 0.65 lb per cu in., When fragtnents from an explosive shell or bomb are
__ considered as individual missiles their target Oeect is

with D -= 0.5.5 lb per cu in. as a reasonably good Leer. greatly La nenced by breakup; this is true to.such an
age value. For semi-arnior-piercing [SAP] bo'mbs the extent that it is difficult to devise experimental
range is methods for :ccovering fragments intact for the pur.

D = 0.20 to 0.35 lb per cu in., pose of a.isving their original size, shape, and weight

with D = 0.27 lb per cu in. as an average. The charts distributions as functions of direction from the ahell
given in Figure 2 will facilitate cttimates involving or bomb. The extreme cawa of complete projectile ahat-
caliber density. ter without seneible effect on the target was proposed

and given a satisfactory practical solution in the iran.
3.3.2 Misile Deformation at Impact gible bul'et for gunnery training (see Chapter 10).

The missile depends for its action on the kinetic
and chemical (explouive) energy it carries to the tar. &.4 ,IPACT COlNDITIONS
get. Att•ntion is restricted to ihe case in which the
missile reaches the target mechanically intact since The principal impact Conditions which need to be
there are separate treatments of the remote effects of specified are striking velccity vo, the striking obliquity
an explosive missile transmitted to the target by air or angle of incidence 0, and the yaw. The last two an.bleat, earth or water shock, and fragments. 'Further. defined in, Figure 3, together with several other termsmor 2, the mechanical performance of the missile relating to the geometry of impact. Blombe and pro.
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RV "IS OF IMIPACTr-4T1 iON AND PERFORATIION -. A"

Jectiles an desgned to mi='mise yaw in light, and it without passing through it. The phras Openstratioa
may be seas ed in most termlnal-ballistio problema into a massive Uarge or simply 4mamhie v atras.
that the yaw is zu imlo oLawin obsrver or sped- tioen Is often used when there is no bulging or rup.
led. Increaing yaw tends to decrease the penetrating ture of material at the back face of the target, this

being taken as evidence that the penetration in muck
a ,s mmcases does not depend oan the finite thickness of the

IMOL oe ams target. The term p/rfonuioa Is used spoeilca• wha
the projectile passes completely through this t•ag.
slab or plate. In the transition region between massive

1 OW penetration and perforation the proximity of the back
face o the target permits a greater penetration tha'
would be obtained with a thicker target uner the
&arm conditions. In other words, in the transition Is.
gion the penetration is expected to depend on the tar-
get thickness, while massive penetration is assumed
not to depend on target thicknem.

In an idealized way Figure 4 shows the difference
len the character of the perforation hole made by a
u•oudeforming projectile in concrete and steel. Withl
a brittle or frangible target, like concrete, both froat

FWanu & GeODMstY lat eet.
ability of a projectile or bomb and to inc.-aam its
chances of deformation aid breakup.

The performance of a projectile against a given tar- -. '
get usually increases with striking velocity and de- ,•ri.a
creases with increasing obliquity; Howerer, each of
projectile shatter, which can, in some catzu, exactly

reverse the expected trends. Thus a projectile that do- ! soft

feats a plate at a certain striking velocity may shatter,[
at a higher velocity and fail to defeat it. On the other i
hand, a projectile that ricochets intact at a certain
obliquity may actually produce loepir in entstion LI
or even perforation at a greater obUquity if tais caiise.
shatter.

IMHN CM(•TA RI TARogi TsnCC T rAnGem
* 5.5 RESULTS OF IMPACT - loms 4. .erforatlon of thin conewt target ,Ad o.

PENETRATION AND PERFORATION stel targe.

In conuderlng the efcta on the target it Is usdul and back craters are formed; the material ejected
to distinguish between penetration aud perforation, from the front crater is called spall, while that from
Sparticularly when the projectile remains in one piee the back crater is called scab. With a tough or ductile
and does not break up. With breakup of the missile target, liku steel, the displacement of material from
some parts may pas through the target while others the path of the projectile usually results in the forms.
are stopped. In a strict sense the ter-a penslration tiou of front and back petals rather than a ccparatlon
is reserved for the eutry of a projecti'e into a target of the material from the target as apall bnd scab.
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"Chapter 6

TERMINAL BALLISTICS OF ARMOR

IMRODUCTION usually be increased by the use of specal pro[eeMts
,IrAY O f ,tie! ls bmain ,dle mo extre the Iaihber typ&.

~, *~~ ~ ~Merely incerAsxng the duz of a gnui obv~ously offersJ. sivaly than that of any other material, but latil Mrl nAn h ioo b.u•oe

World War Ii test* had been nude with relates only a partial solution to the problem; advances must
thicker than twice the caliber of the projectile. Up to come mainly from the development of more powerful
tLet time there had beran littic intred in heavier plat gu and of better ubcsliber projecUles. Advance

since It could not be defeated with the service weapons alng either of these lines. involve the use of what
tn r e PrtlC, td w are now termed hypervelocities, velocities In exces of
for obtaining higher projectile velocties the situation ,000 fpL The practicality of projectile velocities in

changed. It then became nec*AM not only to extend this range has already been well demonstrated; nume,-
investigtions to thi.-ker plate but to find better means o gun and projectile combinations resulting In
of preventing projectile deformation. It is no p. hypervelocities have been developed and certain of

ehido to perforate homogeneous armor almost 10 call. thee have been succe•fully used in combat. Pool.
beat thick, but the problem of armor perforation has bilities for substantial improvements have not been
by no means been completely slved.4 exhausted. however.

Trn4 to Hypereloetim Hypervelocity Projectiles
T t tin World War II •

" :* It has always been true that methods of defense Tb f c s
have advanced to neutralize the destructive power of The possibility of the practical use of hyperyeloo-
existing weapons. During World War IU, for example, ities was well recognized before 1041, but suitable
tanks were made less and less vulnerable by progres methods for obtaining these velocities had not beentankse were made less and less vulnerabler by program,
sively increasing the amount and Improving the ar- worked out. Th- idea of the tapered-bore gun' as well
rangement of the protective armor. Before World War as the vubcaliber projectile' for standard guns was
II, the principal antitank weapon of the United States not ucw, and efforts were continually being made ta

was the 37-mm gun; at the end of the war a 00.me o';ercome gun erosion so that the power of conven-

gun firing a high-velocity, tungsten carbide cored - tional guns could be increased without unduly ahort-

Jectile was being used, and more effective weapons ening their life.were being developed. Interest in unconventional methods of gun andw beImprovements not only in tank armor ope d .l projectile design was intensified in 1041 because of a

t pcs of passive protection may he expected to con. report from the -byan campaign in North Africa

sinus and guns must likewise be made more efo AV that the Germans were using a hypervolochty, tapered-
to match these improvements. There are three con- bore gti as an antitank weapon. Actually this gu
ventional methods by which greater effectiveness can was not extensively used, but it did lead to a morn- V.

be obtained: entary eotback in morale and consequently provided
1. As better methods of handling guns are dovel- a spur to programs for the development of hyperveloc-

oped, their mmaeuverability is increased. This permits i ty weapons in the United States, England, and Can-
the replacement of smail weapons by guns and pro. ads. Before the ena of World War II all countries had
jecfiles of larger caliber. Aucteasfully employed in combat high-velocity, tung-

g. By continued improvements In d,,ign, guns of sten carbide cored projectiles which were provided for
all calibers can be made more powerful. guns of various calibers. The principal Service type of

3. The ability of any gun to perforate armor can the Americens, hyperi'!ocity armor-piercing CHVAP],
Pertinent to War Department Projecta OD.75, CH-1 and of the Germans, armor-piercing CAP 40], was the

and CE-0; and to Navy Department Project N0-11. composito rigid; that of the Dritiub, armor-piercing
b Fe Chapter &8c. Weapon Data Sheets 203, 2a 204, 2C5", 2C•,, discarding sabot (APDS], was the discarding sabot.

2M 2C7 of Chapter 1. It is perhaps worth noting that none of these proj.- • .
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tiles required modifcation of standard, gum ; the guns Is not sa much one of detenmining projectile perform.- .

could therdore be used to in alternatively projectiles ance in A particuar rang o',,dIocitiss s it is of d.
ot conventional and saubcaliber types. The develop, covering the effect of increasing the velocity from
meat of other methods had been brought to a suse . low to high values.
ful conclusion but the" methods ere. not widdy used
in am tht t•,s f f rti .,..-..

In the United Ettes the work In devising eand Termdnasl-allie studie& at high velodtds rep.
eloping methods for obtaining hyperveloctim t S santed !or Division 3, NDRC, a natural extension of

earried out -by Division 1, 'DIIC, and the -Army earlier investigations using velocities that could e U..
Ordnance Department. Additional studies of the ter- obtained with conventional guns and projctile" In
ninal-ballistic aspect of the problem were made by the earlier work, which was ciod out for the U. IL
Division, , WTDRC, Naval Ordna-n Dopartment unde project Y,1-i"

The need for a program to investgt thet terninu- and for the Corps of Engineers, U.. IL Army, und"'
ballistic phase had been emphasized by another M- projects CE4 and CE-5, interest centered mainly in
port from the Libyan campaign. It appeared that the properties of the plate and its ability to reisti
guns firing 2-pounder AP shot were much lesa dee- perforation. In the later work, the experimental range
tire at point-blank than at longer ranges. This appar- of velocities was extended from 3,000 to 8,500 fps -
ently anomalous behavior resulted because at the high and the emphasis was shifted from a study of plate
velocity near the muzie the shot completely daiinte- b•c•vior to considerations of projectile performance,
grated on impact, but at greater distancas, having particularly a3 it is affected by deformation. The pro.
lost some of its velocity in flight, it remained intact.' gram was originally planned ad ontinued to be an,.
The reduction in penetrating ability due -to breaku emrirical'atudy of the general problem of projectile
of the shot far offset any advantage that might have Impocts against armor over the compete range ofL
been expected because of its greater striking energy practical velocities. It was lmpcsaible, however, to
at the muzzle. Thus there was early recognition of conaider all types of targets and to investigate all
the fact that a projectile might become less rather variables in projectile design. The tests were mainly
than more effective when its velocity is increased, limited to impact conditions likely to be encountered
The difficulty in designing a nondeforming projectile in combat and were not primarily intended to study
still remains one of the principal obstacles to the use basic physical phenomena.
of hypervelocity weapons. Pumnaso

4.U tudis ofArmr PeforaionThe purpose of the work was to test the feasibility
, St'udies of Armor Perforation of using hypevelocity projectiles to defeat armor pro-

in Division 2. NDRC tection and to study the factors controlling perfors-
Irrw,. HnYzvza ocrrr Pooans• tion. The ultimate goal was to obtain data that would

When the hyperveloity program was first origi- indicate the impact conditions under which projectileshated in Division h , NDRC, at the request of the of different types would be most effective and would

Army Ordnance Department under project OD-75, serve, at least in part, as a basis for projectile design.

it was described as an "investigation of the penetra- . o of Present Report
tion of huriogeneous and face-hardened. ar'.or at
striking velocities of 3,000 fps and above. Tests wer The discvusion in the following sections Is limited
to be made at t/d (thickness of plate/diamoter of pro- mainly to those aspects of the terminal-ballistic prob- L
jectile] ratioabetween2 and4 and at angles of obliquity lcm covered by the work of Division 2, NDRC, but
ranging from 0 degree to the maxlmum within the reference will be made to parallel work of other re-
capacity of the equlpmenL Plate hardness were to be • search groups. The report is not intended as a com.
such as to give Brinell readings of 250 or above. plete record of all contributions nor s a comprehen-

Soon after work was begun, August 1942, it was sive review of all phases of the subject. For total coy-
recognized that the original directive was too limiteds erage of teats relative to high-velocity impacts, refer-
Actually, the tests were not restricted to plates leo ence should be made to British and Canadian reports'
than 4 calibers thick nor were all firings conducted at mentioned in the British Ordnance Board Proceed.
velocities above 8,000 fps. The hypervelocity problem ings, to papers by Franktord. Arsenal, ana to firing
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records of the Aberdeen Proving Ground. Other or. throughout the literature." Only one case is known
ganizations in the United States that have made ima to the writer In which this apprcntly not trs.
portant contributions to the general problem of armor In the attack of thin plate at very high angles of
perforation but have not been concerned with hyper- obliquity, a projectile of conventional nose shape may
velocities are Watertown A.senal, Naval Research ricochet if it remains intact and require more energy
Laboratories (NUL] and the Nanal Proving Ground for perforation than a projectile that shattem Even
at Ddalgrna" undsr thee exceptional conditions of attack, how-

ever, it Is likely that if a nondeforming projectile ot
any nose shape were possible ft could be designed t*

U PROBLEM OF ARMOR PERFORATION porf-3rate with less energy than one that deformed.'"
BY INERT PROJECTILES Although there is general acceptance of the idea that

a projectile sia-uld be kept intact if possible, a feeling
Although a concise atat:nment of the problem ot still persists in some quarterd that this is of little

armor perforation could be made, it would, through Importance for high striking velocities This ia im.
the omission of details, be misleading. Instead of a plied in a well-known ordnance book, which states that
.definition, a brief discusion will be given of the gen. "if very high striking velocities are obtained, ponetra-
eral problem. tion is little affected by tha material of which the

Neither the general problem of discovering the projectile is composed." It is conceivable that this
most efficient means of piercing armor nor the more might be true at sufficiently high velocities, but it is
specific problem of designing a projectile to perforate not true up to 5,000 fps, which is higher than the
the maximum thickness of plate can be solved by velocity of any preseut-day projectile in practical
terminal-ballistio considerations alone. The ability of use. In general, the thickness of armor that can be
"an armor-piercing projectile to defeat a particular dcfeated by a projectile with a given striking energy
targeL, depends as much on the power and size of the will fall between the limit thicknesses corresponding
gun and the range over which the projectile is fired to the extreme cases of a nondeforming projectile on
ai it does on the plate-projectile properties that con- tho one hand and a perectly plastic projectile on the
trol perforation. Considering a given gun, the energy other.
available from the powder is expended principally Although the nondeforming projectile represents
in overcoming frictional and engraving forces acting the ideal, this cannot be attained in practice, at leat
on the projectile during its travel thrmugh the gun, not under all conditions of impact likely to be en.
in heat transferred through the walls of the barrel, eountered by projectiles fired from present-day guns.
and in supplying kinetic energy to the powder gases It is therefore necessary to accept some sacrifice,
"and to the projectile.5 Part of the energy possessed which usually appears through the addition of an
by the projectile at the muzzle is lost to air resistance

in ligt, nd nlythereminer s aailbleforpieo-armor-plitling cap. Although the projectile piz-oper"in fiight, and only the remainder is available for pierc. may be kept essentially intact by this means, there
ing armor. It. is the province of interic,ý ballistica to is still some loss in penetrating power due to the dis.

- r era great a portion o, the original errgy into integratik. of the cap itself. The cap will lead to im-
.-. eenergy of t pojcctil as possible, of ex. proved performance only for conditions of impact" at

terior ballistics to reduce losses due to air resistance, which the uncapped projectile deforms badly ad the
" and of terminal ballictics to ue the reraining energy deformation greatly increases the energy require6 for

in the most cffcctive way for perforating the target
and producing subsequent dna~age. It is tuifortuuato perforation. To aasws the feasibility of using a cap,

that chaRnges in projectile design desirable f'om a one must know the performance of both the uncapped

terminal-ballistic point of viow may be detrimental to and capped projectile over a wide range of striking
*': its interior and exterior ballistic behavior. conditi-ns. For the uncapped projectile it is necessary

A projectile can beat use its striking kinetic energy to determine (1) the energy required for perforation

for perforation if it remains entirely undeformed dur- when no deformation occurs, (2) the conditions under

"ing impact. This basic idea is an almost intuitive con. which deformation takes place, and (3) the effect

cept which is confirmed by trials reported profusely of the deformation in limiting perforation. For the

""The cncriy of rotation of the projectile and recoil of capped projectile one must find the extent to which

the gun are usually negleoted. the above factors are affected by the addition of the
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IPRODLVI OF ARMOR PEDFORATION DYT Viii! PROoECTMS la

protective material. All three factos awe altered by rials. The latter aspect of the problem isas important
change. ka the projectile parameteras It is therefore sa the first~, but its aolution is esentially the reopen-
convenient to resolve the investigation into separate sibility of ferrous and powder metallurgists rather
studies of the individual variables, both as they affct than that of balllsticians.'Yhia phase of the subject

the energy required for perforation directly when the will not 'he treated in the present report. Discusuion

L:The parameters of a projectile are mst esaTy aped-
lad by giving Anrt the projectile type (mumibloc.
capped, or jacketed). If the dlaearding pieces of aT
sabot are not considered all practical projectiles fall
into one of these three catqgorie., which are picture
schematically'in ?igwre 1. Both Ile capped and the

oftemonobloc and then to determine the effect of
the cap or jacket in modifying its behavior./

As far as its performance us an undeformed pro.
jectile is concerned, the inonobloc is completely spee- 2'

* ~~~ified if its size and shape are uniquely defined and ~4 >~
its density given. The size is given by stating the ,I A'

diameter (or caliber) of the projectile; the quantities
* ~~~defizing the shape are then made indepcndent of size i'~ "

* by expressing them as multiples of the diameter (i.e.,
in calibers). Classification according to shape is con-
ventionally made by considering the body and the /

nose separ-ttely. Since the body is usually in the form
* of a circular cylinder with a square base, it can be o /O.

* ~~specified, except for details, by one quantity, the cal- ,/

iber lengthi. A variety of nose shapes (tangent ogival, _______________

secant ogival, con~ical, double-radius ogival, and comn-
bination of tangent ogivo and cone) have bccn used; .Ks PIWA

*one of the most common is tl'e titngent ogive shown Fiu 1. Idealized prolectile types.
in Figure 1. From the size and shape parameters and

* j the density one can determine, either by direct in- dence of performance on such quantities as projectile
tegration or by met~lods developed for rapid numerical hardness and bend (transverse rupture) strength.

* calculation,6 the mass, volume, center of gravity, and No completely satisfactory system for Gpecyifyng
moments of inertia. Mass and denrity are r~it iude- caps and jackets has been de vised, but just as winth the
pendent; in practice it is usual to give the mass. Thus core their effectiveness must depend, at least to some
rwhen the projectile can be taken as a rigid body the extent, on the mass, aize, shape, and atrength of the
veriables commonly considered are mass, diameter, protective material.
nose shape, and total projectile length. The effect of changes in the projectile parameters

If the projectile deforms, the strength of the mate- diacubaed abe -e usually depends on the hardness,
*rial must also be taken into account. A complete in- thickness, and arrangement of the plates rialdug up

vestigatlon of this factor would include not only the target. Whether the principal emphasis falls on
term inal-ballistic tests relative to the occurrence, the projectile or on the target depends on whether
causes, and effects of deformations resulting from the interest is in offense or defense.
changes in the projectile's strength, but also studies In summary, the terminal-ballistic problem of
leading to the development of higher str~ngth mate- armor perforation is essentially one of determining
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how the energy required to defeat a sel targt d. mauring deceleration duing impact should be 10., -
penda on the m-= siie sihape, and mechanc tioned, although It can be used only with nonmagnstle
strength of the projectile componenta as well . the and nonconducting target material like concrsýe.
hardness, thickness, and arrangement of the plates (See alao Section 7.7 of Chapter 7.) The method con- .
oomposing the target. The problem is complicated not siste in magnetizing the projectile aM recording the
only by the large number of variables involved but by electromotive forea Induced in two aultably placed
the likely occurrence of projectile defonatlem. The coils by mans of a cathode-ray oeiulograph (CRO3.
solution to the problem, which can be obtained only in The target is placed between the two cos In a regio"
a practical sene, mut be combined with solutions where the induced electromotive force is dependent
to the problems of exterior and interior ballisties a. only o0 the velocity of the bullet and not on it pod, -
fore answers are possible to more general questions tion. With a linear sweep for meaturing time, the
surh as how to deign a projectile to perforate the trac on the ecllograph is a line, each pcint of which
mamum thickness of plate, or what is the moat ef. is displaced a vertical distance proportional to the
cient gun-projectile combination to neutrallze a given velocity. The deceleration is obviouely obtained am a
objective. Actually no compl-tely rational system of function of time by measuring the slope of the line
projectile design has been devised, bu. '.here Is aval-. at various points..
able a great deal of qualitative and semi-qualitative The present report deals mainly with the total en-
information on the effect of changes in various para. ergy absorbed by the plate. This quantity is deter-
meters. mined from a knowledge of the projectile's striking

energy and the energy it retains after perforition,
that is, the residual energy. Of partieular interest Is

'3 EXPERIMENTAL TECHNIQUES FOR the energy absorbed when the plate just goweeds In
TERMWNAILBATLUSTIC SIUDIES stopping the projectile. If the striking energy is above a-

this limiting value, the projectile will usually pea.
In problems concerned only with the perfoi'slol forate; if it is below, it will fail. Sometimes, Lowever,

of armor the quantity of most direct practical interet the projectile fails at the higher energy and sccoeda"
is the energy absorbed by the plate. Logically, how. at the lower.
ever, terminal-ballistic studies should begin with a The limit energy is conventionally measured either
measurement of the fnries resisting the bullet during by "bracketing" or by the method of residual veloc- .L
penetration. Until the nature of these forces, which itica. To determine a brecket, fringe are conducted by
is o.aly partially understood at present, is completely varying the projectile's striking velocity untii shot#
known it seems unlikely that an exact theory of p. are obtained close to, but on either aide of, the limit;
jectile penetration will be developed. Furthermore, a 'he lial• energy Is then calculated from the overage
knowledge of force and time is needed for problemsin fuze design and for determining the stresses in projectile's

mas. The method of residual velocities" is more sle-
projectile leading to its deformation. Only average gent but, bee of practical difilcuties, is restricted
forces can be calculated fro'm the total energy absorbed mainly to nomal attack by nondtorwing projectil,"'

In this method several projectiles a fired at differ-
niam of penetration.a

Unfortunately it is experimentally very difficult t ant velocitie above the limit and the striking and'
deterwine the forces of the plate-projectile interac- residual velocries measured for each shof t If the red-.,
tion because of the extremely short time of impact. ual energie are plotted as a function of the strik.
Only a few attempts at direct measurement have been ing energies, the points repreaeitng the die.-nt
made and these were all carried out for normal In. shots fall on a straight line and extrapolation of this

cidence of the projectile. For studying impacts against line to the striking energy axis gives the limit energy.

steel in optical method haa been developed by which In the conventional terminal-ballistic range the
a shadow of the base of a penetrating projectile Is equipment consists of guns for propelling the projec-
recorded on a rotating drum camera.'" By a suit- tiles to the target, means for supporting and orienting
able analysis the position, velocity, and deceleration the plate, apparatus for measuring striking and resid-
of the projectile may be deduced as functions of time ual velocities, and auxiliary devices such as micro-
from the photographic record. A second method" of flash and spark units for observing the projectile be.
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fore, during, and after perforation. Each investigatot i not important and yaw cen be reduced at the target
naturally has his own techniqaos; only those used by by setting the gun at a yaw distance 'Tre
Division 2, NDRC, will be described, principles of sabot design are given in a report" by

the Division 1, NDRC group at the University of
Projectile Propuh . New Kexic

70 Ao suding thS 9Sfet Of iMpaCta, any uetko4d, Of eat p Suspnia
firing fa satisfactory provided the projectile arumv"
at the target in good Wonaditio, with]out yaw a& Test has shown" that the method of plate support
sufficient velocity. Es in pormi nd prepr is of coa importance in ooutrolliw the WNWrg.

for a test is often the principal cnieration ia required for perforation. Thus, in the extreme as
chooing betwee pos•ible methods. of a rigid support oa the one hand and perfectly free

The use of a smoothbore gun was ang ted by the suspension on the other, a free plate we!Zhing only

need for firing simple projectiles. Attually the mns n mx times as much as the bullet required 9 per esn:
facture of projectiles consumes a great deal more time, more energy for perforation. It in probable that the

effort, and money than the carrying out of a platn difference would be les for plates of reasonable else.

trial. Thus any simplification in the design of a pr. The lateral dimensions of the plate are likewise not

jectile which does not affect its perforating ability of prime importance provided the extent is sufficient

represents a tremendous saving. Aside from this say. to include the principal region of plastic dofortaation.

iDLg, 8implifiation is at times new.ssary; for example. The insensitiveness of thee factors implies that

, i studying the effect of Jackets, unjacketd projeo- (I) no form of springs, cushions, or note can add

tiles must be fired for comparison. The smoothbore substantially to the stopping power of a target and,

gun does not require the use of a rotating band or (2) except in terminal.-ballistio tests requiring high

jacket and makes the problem of cap attachment much absoluto accuracy, varia~ona due to differonces in the

simpler since the cap is not subjected to centrifugal type of support or the extent of the plate need be L
"forCes. Lack of rotation bu beea.shown" to hWe a of no concern if the lateral dimensions are at least

negligible effect on the projectile's perforating ability. 25 calibers. Actually, tedts are often performed with

Such a gun has been snccessfully used for work t plattea ma'"er than this and it is likely that little

model scale" (.244 caliber) over a four-year period. error is introduced by so doing, but definitive expert.

Yaw is avoided by placing the muWle of the guu monts covering this point are lacking so this remains

within 6 in. of the target, which is mounted on a a moot question.

ballistic pendulum to allow measurement of the strik- -
ing ve~ocity. Since blast from the gun would affect P • •-.-.'-..""-
the pendulum, the projectiles are fired through a pce,.
of rubber covering a hole in a metal blast shield. By
using an oversized chamber and long barrel, unjack. 1 N
ieted tungsten carbide projectiles, having a caliber
density about twice that of conventional steel projec.
tiles, have been fired at velocities up to 3,850 fps.

In order to att.tin higher velocities and to work . -. 2- ... ".
with larger calibers, composite rigid and sabot pro.
jectiles have been used in 'standard guns. Tapered.
bore gULS or guns with tapered muzzle attachmentsS -
are not only complicated in themselves but require .." 2
jacketea projectiles that a:o difficult to manufacture.SThe composite rigid is usually the easiest hyperveloe-. c.•i':

ity type to make but often .eaunot be used because of
the jacket. Any type of subprojectile (monobloc,
capped, or jacketed) can be used with a sabot. Much
simpler sabots can be used for terminal-ballistio tests
than are required for combat since extreme accuracy FiouRs 2. Plate support for tertinsl-bWIadtlo teats.
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One tyeof pasupotthat hasaroe conven. .,

istfor plates weighing up to 1 ton is shown wsc- .'.*:
watialylin igur S.Thcnespocnb hifted either I

laterally or vertically and turned so Un to allow any I

angle of attack. Several shots can easily be taken on
the same plate without shifting the position of the.
SM In rmino etermie th ang e n s of.tld Mf

protractor is mangietically attached at the expected
point of impact before each shot. The pro.tawo ishGTsua
set by adjusting an index arinaso thatit.isIn line
with te muzzleof thiegun as am in amirror which
is parallel to the face of tha plate. -PHTCEL

Tioprincipal cieonfrtegoodness of velocity k
measuring equipment Is the attainment of accurate u SAo

determinations at the target. In order to avoid the M~tA

vagaries involved and tho time consumed in making

corrections for v.-ocity lost in flight, the equipment .- ui LINE OFIRt

should measure as nearly asi possible Instantaneous

Measuremunt of instantaneous 'values, or their ap.
proximate determination by means of a short bate line, Fiouat 3. View of light beams snd photooelia for
hsthefuteadatgtathgestiigvlo ms-rmnofpoetlveotes
iiscan be obtained bec iause the gun can be Bired thnoj betivccu their reception. Figure 3 shows the
sthaort range; this Is particularly important when physical arrangement of the light beams and photo-
lgtwindshields are omitted to simplify the PM-O celts. When the light beams are placed close to the

joctiles. target the quantity measured can usually be takin
Meusureniant of boh Atrikiiig and residual veloc.- as the striking velocity without correction. A deter-

iWis can be maile for normal impact by means of a mninatlon of the velocity can be made within 30 see
* double ballistic pendulum."-" A transmission pen. after the shot with an accuracy of better then 0.4 per
* duluni supports the target, and a terminal pendulum coot. The principal limnitat~ions of the light beams said

stops the projectile after perforation. For the pendu. photoceclls are that they do not operate reliably with
*lums described in the reference, 'the overall probable projectiles traveling st speeds near the speed of

error in a velocit) measurement made with the trans- sound, and they cAuuot be successfully used for mnea-
mi~siioll rcndlumn is 0.10 per cent alid with the suring resaidual velocities.

* iterminal pcnduluni is 0.08 per cwnt. These are prob. The heart of the above eqniptnent is the spiral
able errors of the apparatus only and do not include chronograph which was developed to measure time -

errors in the results due to inhomogeneity of the steel Intervals of a fow nisec to an accuracy of better than
plates, spelling of the plates, etc. 1 jaec. During the lapse of time between thb two

A second `natrumont,"-" which also fulffills the pulses a spiral is traced ou~t on a cathode-ray tube at
requirement of being able to determine an essentill~y a constant knownu angular velocity; the spiral trace
inatantuneous velocity with good accuracy, measures starts with the first pulse and stop3 with the second,
the time of passage of a projectile over a very short so that the aiumber of revolutions appearing on the
(1 to 4 ft) known distance. The base line is deflned. cathodc-ray tube screen is a direct metasure of th.3 time
by two light beamsa, each of which consists of a nar- interval. A picture of one of the spirals with blank-
row sheet covering an area of about 1 sq ft. As the Ing spots at 5-Psee lurervals io shown in Figure 4.
beams are succassively interrupted by the projectile, A long perqistent screen is used on the chronograph -

electric pulses are generated by phototubes uid trans. so that a visual reading of the spiral Is obtained as
witted to a spiral chronograph which measures the well as a photograph.
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DEPENDfrNCE OF STRIKING ENERGY ON PROJECTILE PARAMETU 1L6?-

. ... -. With this equipment, which it based on the optical
•.7 method of Schardin and C=26 a aria of apa•, pix"

ttam in tken showing the projectile at noemsuiv"',, •. , • . •.Intervals during its penetration cyce. Since times ,_

.between exposures arem sured, the striking wlocity,
'-idtum velocity, and an eatimate of the deceleratilo
at different stages of penatrtion canb obtU aid""

"",,.DEPENDENCE OF STRIKING ENERGY
ON EXTERIOR AND INTERIOR

.0 BALLISTIC BEHAVIOR

Severd attempts have been made LeO at caleulatiug
the sizo of core for a subcaliber projectile that will lead
to perforation of the greatest single thickuess of homo-
geneous armor. This problem is similar to that of find-
ing the be-t length of projectile or the heat density of

MFsun 4. Pht*Vph of spiral chronograph traos. material. In then problems changes always occur In
the mass and aometimeE in size of the projectile com.-

Since light beams and photocells cannot be success- ponenta and ma a result there are Variationa in the
fully used for reasuring projectile velocities behind projectile's striking kinetic energy am well as in the
the plate, special equipment haa been developed for absorption of this energy by the plate. Thus the max.
this purpose. The method involves taking spark shad• imum energy that can be obtained at the mu,-le of .
o owgraphs of the projectile at two successive positions a given gun depends on the total massof the projectile

• along its path. From these pictures and the geometry and, if a sabot type is being considered, the fraction
" of the optical system, it is possible to find the distance of the total muzzlc energy not wasted in the carrier

traveled by the projectile between exposures. To de. varies with the relative mascse of the subprojectilo
terrnine the time between exposures and thus the and the discarding pieces. Of the energy possessed by
residual velocity, light front the two sparks used to the subprnjectile, a certain portion will be lost in .
produce the shadowgraphs is alluowed to fall oni photo. flight, and the mass and size of the subprojectilo are
"tubes which actuate the spiral chronograph. This ap. factors controlling the extent of this lou.

"- paratus has the advantage that in addition to messur. The diffilculty in calculating how the relative die-
ing the residual velocity it furnishes a re,-ord of the tribution of energy changes with viriations in the size
condition of the projectile immediately after pertora. and mass of the procjctile componentA lies in the fact .
tion of the plate. Although the base line is variable that the ballistic behavior cannot be exactly described
it is never over 2 ft. The accuracy of measurement I& by ••iple analytical expressions. Although tables and

"" comparablo to that obtained with the light beams and graphs are routinely ueeds"''" to compute the ear-.
phototubes, but the time required for making a deter. formance of particular projectiles, these will uot be
mination is considerably longer. employed in the present discussion. Approximate ex-

pressione will sufflce for purposes of illustration, but
6.3.4 Auxiliary Appa'awts it is not proposed that these be used for purposes of

It is often useful to know the condition of the pr exact design.
jectile before and during impact as well as after per. •.. Muzle Energy of Subproject6l:
foration. For this purpose spark shadowgraphs and
microflash photographs are used. Examples of such An increase in muzzle velocity can always be ob.
pictures are sLown in Figures 6 and 9. In this con- tained with a given bore and chamber by decreasing
nection mention should be made of the multiple-spark the mass of the projectile and employing a quicker
apparatus"I. doveloped in En:'Awid ,inder the aus- burning powder. The following relation gives an eati.
pices of the Armament Research Department CARD]. mate of the total muzzle energy that can be supplied
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to A prolectilg of M As M without exceeding the safe termined for a given gun In terms of the ratio R T""s
maiaum Preasre of the gun energy ratio will be designuted. R(0), where the seomin parentheses is in, e.di to imply that the vnae is .':•:

4 + E e= I + for •) oin-blank rmnge. Ths-

wheres, Io tIO ruand e-rgy of ll• stan f(0) .-)""-
projectile of mas Rp and. a iis the powder log& T).
munle enegy es of the mubealibeir prFjeetils 0"eA This is a definite function of B for a given gun and
by projectile type. Values of B(0) are given in Table I

_8C for R values ranging from I to 0.5C. The gun In this
-() asi týe 7-mm MS, the projectile aire wxl modls

whee kg is te ma of te H tof a particular steel projectile,! and all values are
caliber plojecttle varies only Ine ls tiz4 Ii ts "ca liber relative to the prtormanea of a full-caliber 1.95-1b
caliber projectile varies only in size, its calber d- pojectile having a muzzle energy equal to that of the
aitt' will remain constant and consejuenty a37-mm M51. It will be noted that the velocity is alao

A!L directly related to R, increasing as R decreases.
As one would expect, the velocity of the subpro.

jectile increases but its kinetic energy decreases ""
where R E= d/d4, iU the ratio of the diameter of the its diameter becomes smaller. If the caliber duitty
aubprojectlle to that of the gun. This assumes that all of the prototype were increased, not only would the
projectiles have the same shape as a given prototype. muzzle energy of the complete projectile be Increased

The total mass of the projectile Mf depends on the for subcahiber projectiles of all sizes [equation (1)""
type of carrier used; for a particular type, the mas of but a greater fraction of this energy would reside in S.
the carrier M0(R) will vary in a definite way with the subprojcctile (equation (2)]. The mas could be
ratio B. Thus, increased either by using for the core a denser mO*--

Af = M+s + NJR) 31,R± + Al"(R). (4) rial, such as ttngaten carbidq, or by increasing th--
length of the projec¢!.U,:'":'

By combining equations (1), (2). (3), and (4). ::ot pocl
the ratio of tue muzzle energy of the aubprojectile to •It 1usually not neessary to IncrSeas the weight of thecar'i'er In dIrtct proporifon to the inoreas hi this mass of the L._
that of the standard full-caliber projectile can be do- toblrvet. • to •

TAzte 1. Performanoe of subcal.ber steel projecies a a functlon of *ore dlameter.

Dias ,ter Mnsale Rp (yd)
ratio velocity I

v. 0 1,000 2,000
(fps) J(oI T(o) A000) •i(1,'") E_ (000)- (2,o00)

(37-nun)
1.00 2,881 1.00 1.00 1.00 1.00 1.00 1.00
0.o0 8,218 0.93 1.09 0.03 1.09 0.93 1.09
0.80 .,637 0.83 1.18 0.82 1.18 0.81 1.1.
0.70 4,112 0.71 1.28 0.89 1.22 0.87 1.19
0.00 4,828 0.57 1.30 0.83 1.22 0.49 1.15

(20-mm)
o.4 4,948 0.47 1.20 0.43 . .20 0.38 1.09

subprolectile diameter
Sun disimeter.

(i) , energy of subprolpatile at ran , x
"energy of similar full-caliber projectile at runp z.

T() limit -plate thWitnuess of subprojeetile at range s
T(z) .limit plate thickness of similar full-caliber projectile at rang. x
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> S Ena~gy Ime. Due to Air Rubanst Un incre in either the munkl velocit arte hasW.

In~ .. cu a. pzroect iig lo Hntic coeffilient results in art incresase in the eueru
* orgy in tlight at a greater rate thtrn do Proisitites retained at a given range. For a subcaliher projectile

fired at lower velocities. As &ar'msul the bypervoioctiq 0 docreame In direct proportion to A;' if tW iauzzle
project&l may perforate wors artow at the muds energy of the aubprojectile worn constant and thus In.

ht los thk il-atg it fiv ovrLInrr dependent of'R. the incres.e in r. would slightly
This has happened so ofton in praci~i. that it Is sms. nwota balfance the decrese in 0, VAt slum di.
fin". felt ULt ~a h iecity prjea is ~M5Zl muzzle enero deceases with decrease in B, the 'Value

,a iot-range projectile ana that it4 intfectivea Of P(s) is somewhat Uea for a kuti- thsA a fvAfl-aliW
atlo0ngrrageh isdue to the high vhlocty at whic Pr*frt A

lt~isAfre& Aculyan Ineveafi eilocity isIn itself BY *xProdig B(z), the ratio of the striking ou.
an advantage; the poor performance that ba bw &gift of the sulb. and full-calie projctiles at rmnp
observod has always meulted beau the hypwrvlao. X. in terme of the fractioudl energy retainedi by. eAc
itles were attained by using projectiles having low PM19JOtil
ballistic coefficents. #'()r): (8)0 P(x

For air of standard density the fractional loss in 6(s) ) =,0 F a)..z) '

gienergy:frapoetl rveigadsac i Values Of RWz ane given as a function of R in Table

given b: (6) I for 1,000- and 2,000-yd ranges together with the

Ssenction.

where .(s) Is the energy of the projectile at rang X. It will ho noted that the ratio of the striking kingoti
X is the "drag coeflicieatr energy of a subcaliber projectile to that of the full.

01= M/QW] is the ballistic coeffcient for a -caliber projectile decreases with increas in range, and
projectile of mass At. diamseta d, and that the rate of deceasue Is greater the smaller the sub.
form factor C projectile. For eGaniple, with R equal t 10.7, the valued

Thus, if the drag coefficient K were independent of of X(0), R(1,000), E(2,o00) are o.71, 0.61),,0.67 re.
the 'velocity, the fractional rate of change of energy spectively, while with R equal to 0.54 they are 0.47,
with distance would also be Independent of velocity. 0.43, 0.88. Thus if hypervelocities are obtained by us.
Actually, however, for velocities above the velocity of ing a subcaliber projectile, the performance relative to
sound. X decreases as V increases so that the frao. that of a similar full-caliber projectile is likely to do.
Oiinal crnergy lose i. less the hi~gher the ewlocity. In teriorate with range. This does not MeaM, of co=rs,

other words, if the power of a gun is increased not only that the range peroromance of a -turisten carbide
will the maulsl energy of the projectile be greater but cored subprojectile will necessarily be worse than that
there will be a smaller fractional 64. in energy over a of a full-caliber steel projectile; in fact it will usually
given rings. be better, because the mans, andi t~herefore the ballistic

To determnine the magnitude oi this effect the 'ri-i coefficieut, of the subprojoctile will be increased by
atien of X with velocity must bs known. For projec. using tungsten carbide. Any Increase in the buss of
tiles with a %/o secat ogIve (G, Siacci table), K the prototype, either by an increase in density or in
can be represented fairly vell by k(V')-"' in the ve- length, will lead to a larger value of F(s). which
locity range between 2,000 and 4,500 fps. Substituting meanmsamallcr energy losses irk tight.
into equation (6) anid integrating yieldsStbly

*(z)Stbly
F(s) ~. 1-~", (7) The necessity of maintaining stability is one of the

whr ~) stefactoa( eeg0)tie a ag factors setting a lower limit to the diameter of a subý..
xhr F(ft), a stefndinleeryriedaag projectile or an upper limit to its length. At the miii.

v . '.'rmn equation (3) Ind. the daftoitio for the ballistle a*.
J efficient .M Ar.CR

Cmd
W? Is a constant, 0 the ballistic coefficient, and V, the wheie a oonstant Op Isathes ballistio coeffalenet for the ful-call.
muzzle velocity, ber projectie having a diameter equal to the gul diamete do

COMFUENTIAL
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r70 TIRMIY4AL BALLISTICS OF ARMOR

: do of a fixed gun the stability factor 8 of a subcazler pkies •w•atr y only to monobloc projectile. For Jack.
projectile is givea by eted projectiles the core must be kept well forward to

gain full adlantage of the heavier material.
K 'a.4'B. Striking Energy

wheren axveaga proJecti1t d&Wsity (Atrlot, thM Th greatet strikig energy can ba obtalied ftro
equiation applie only to projectiles of uni- a given gun by using a full-calibar projectile made
fo=m density), ftom the must dense materil possible and having theAs as. dimensionles coe~ciet proportional to greatest length consistent with the maintenance of

moment of inertia about projectile axis stability. The advantage of the sub- týver the full-cAll.
(A - •pd*A,L bar projectile for perforating thicker armor results

B, dimensionless coafficient prop.'tlounl to solely from its terminal-ballistic performance which
moment of inertia through center of gray. must be considered In the determination of an opti.

, ity and perpendicular to projectil0 axis mum size. It is alio clear that terminal-ballistic re-
[B = vod3B,], suits should be considered 1i deciding upon the best
overturning moment coefficient, projectile iength.

P. = density of air,
a distance along barrel per turn of rifling

measured in calibers of gun.U STEEL AS A PROTECTIVE MATERIAL

As indicated by this equation, S decreases with do- Section 6.4 deals with the dependence of strikingcrease in R.8. Due to changes in As, Be, au'd XM, 3 energy on the principal projectile parameters. There
also varies wit)1 projectile length, decreasing rapid!y remains the problem of determining the energy re-
as the projectile is tade longer. Thus, if the projectile quired for platq perforation as a fuuclion of both the
is to be stable, that is, if 8 is to have a valu3 at least plate and projectile properties. 'Ile pr-.cnt section Is
equal t,. 1, there is a maximum projectile length fur concerned with the relative effectiveness of armor pror
"each value of R; as R becomes smaller the maximum tection and with the limit energy for a nondeforming
length expressed in calibers likewise decreases and it projectile. Except for the effect of changes in projec-
would appear that the caliber length must necesear- tilc aize and weight, this section deals only with the
ily be less for sub- than full-caliber projectiles. This properties of the plate.
problem is complicated, however, by terminal-ballistic
considerations. The tendency of a projactile to break "' Effcctiveness of Armor Protection

. on impact increases with its length and this breakage Comparison with good quality reinforced concrete,
may degrade its perforating ability. It sppearR that in which for economic reasons is the usual basic mate.
"mtuy guno the twist of the rifling ia auflicienthy large rial in fixed fortifications, furnishes an idea of the
that the length of a full-caliber projectile iJ limited relative etfectiveness of steel as a protective material.
by projectile breakage rather than stability. Ppr these To afford equcl protection against nnndeforming pro-
guns the full-caliber projectile can be scaled down jectiles of small and intermediate calibers, homogene.
without producing instability; S then plays the role ous armor need lb. only about one-sixth as thick as
of a limiting factor for determining the smallest value concrete. The armor has the added advantage that,
of R that can be used. Only for values of R les than due to its hardress, it is more likely to deform or shat.
this is the stability factor important for determining tar the projectile and thiud further reduce its perfora-
the length of the projectile. ting ability. Furthermore, spalling acd cracking are

Although it appeas-r from equation (9) that the not as likely with good quality armor as with concrete,
.tatility factor increacca with an increase in the den. so that it is better able to withstand repeated attack.
.ity of the material, which would provide a further Even though antitank guns were greatly improved
reason for using tungsten carbide, this equation AP- r4ter 194-3, it was still possible in 1945 to build highly -

a The stablL. factor does not decrease quite so rapldly man.euverable armored tanks that were immune to
a. R', becauso for supenouie velocities KC., lke the drag frontal attack except at very short range.
coc.'Eclt, decreame as the velocity Inreases. The velocity The type of armor piotection most coummonly used
tOat c4i, be obtained with a given gun Increms oIth a d cio
crease in R, .-o K likewise d scra htly. consists of a single plate of homogeneous er.sor and'.
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*1 STEEL AS A PVOTECTIV M&TERIAL 171
the present report deals mainly with this type of tAr- mainly to scatter in the daaand only In small padt to
Ige Face-hardened -annor is appreciably better than failure of equation (10).

homogeneous only if the hard surface succeeds in sabt- The form ol the function f(t/dG) depenids, so th
tering the projectile. Shatter can ofteni be prbve~nted mechanism of plate failure Ideally a failure may beIby the use of an armor-piercing cap and when the cap classified as either a plugging or a ductile type, but
socompliahe. its purpose the advantage of face-Lard- rsam sometimes occur in practice that cmm~us the
.iied armor larg4 disappeams At the and df Warld demin~na of Wi6
War 1l, the face-hardening process was rarey bidag
uwed except for heavy plates in naral construction. It LIGa? LLR

*might be profitably used in small sime, however, if it Whna complete cylindrical plugs are punched cut at
were protectted by a thin, spaced plate for cap removal, the plate, experiment iudicatiea' that fI(9/d) = (tld)'.

~ Pefortio Enrgy-echniss ~Although this form is compatible with the assumption
643 erfoatin Enrgy- echnism or that perforation is resisted by a constant shearing

Plte Ffthaeigyluyrreete stress acting over the surface of the cylindrical plug
If he nery rquied or erfraton y poje~ils drin ejctinthis picture is undoubtedly too aim.

*of a given shape depends only on the size of the pro ple. A large resisting force probab'.;, act& on the pro.
* Jectile, the strcugth and thickness of the plate, and jectile only during the initial sta-ges of penetration

*the angle of attack, a dimensional analysis indicates and then drops to a negligible value when the plug L
* that the perforation formula must have the form o~e

Members of the Watertown Arsenal Ballistics Labo.
el- =,C g 7 (0 ratory have investigated the mechanism of plug for-

d' \~U) d' \n ) ation*1thf and suggest that the plug is not neces-
sarily formed by crack propagation but may be pro.

where el (limit energy) =minimum '.acrgY reQ- duced by plastic deformation along a surface of maxi-
quired for perforation, mium sthear. The deformation is confined to a narro

W =projectile wveighit, region in the neighborhood of this au~rface because the
V, = limit Velocity~h rapid rate of increahe in the stresi does not allow time

*d = inaximuni projectile dianicte., for heat conduction. As a result there is a large tem.-
t = plate thickness, parature rise in the region of maximurn shear where
0= nica~ure of strength of plate material ox- the greatest strains occur. The temperature rite re-

*pressed u. force per unit ares, dulces the stress required for deformation and thus fa-
g = acceleration due to gravity, cilitates further deformation. Once started, the pro-

f (l/d,O) =general function of t/d and 0, ceas is tinstable so the plug merely slips out of the
9 angle of incidence, plate. This amounta to saying that in an adiabatic

Although there are indicationis tLat this equ'+ion is Process the stress-strain curve in'shear has a maxi-
not exactly correct, it is iufficiently true to provide, a kinuin wid that the negative slope beyond the mad-

* simple basis for correlating experimental data. Thuo, iu corpndtonsalty
in Div-"eiou 2, NDRC, Data Sheet 2C3 of Chapter 19, The mechanism rf plugging is different from that
the rcsul ts of proof firing of zuonobloc projectiles. of of spalliug. Spalli.j, which consists of the ejection
vasrious sizes against homiogeneous armor are repro- from the back face of the plate of a thin circular disk

sened y pottugthespeifi liitenergy Wvv2,'d or lrregulqr flakes considerably larger than the cali.
againtit the plate thickness expressed in calibers t/d. ber of the projectile, usually results because of planes

# The measured values fall within a narrow band for of weakness arising from excessive inclusions and in-
each angle of attack; the spread of the bands is due homogeneities. Plates having such planes of weakness

b~wolimt veociie, re n comonui~are usually eliminated durng proof firing.
strikng velocity required for complete perforation with tero DUCTILE FAILUHBE
remaining velocity ("Navy' limit" (U.S.) and "critical velocity
or Wil 1.imit" (British)]; (2) minimum strikcing velocity re- With homogeneous plate in the usual hardnies
quIred to produce a hoao throij~h which liZght cszu be veeru, the range and projectiles baring conventional nose shapes,
projectile being rvnovcd It necesary ("Armiy 11 ..T (U.S.)and"ballalel~mt' Brtis)].Unls thewis seci~e~ ~ the plate material Is plastically deformed over a wide
"Navy 11mit" will be used In this reporLt. region about the point of impact; a smooth petaled
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U te me of veathisnPW (left tunlfWOuWl As #Mathad of Teporit nUpffiaatfil SMaea
be). MAO/J is equa to (00,) vbhthw the Plate petas a miens o f remoing to a ftM aproltlas. esca
.pcup.L t hos bbmmggedst b tbinhe of the1U. dut o& atewltan.d ftepoetl

8.Noda hoeng QMumdW that is the dM0 ad .u W%" M to Vadst.s in the thiekams f the plst% Veins
4t a" Ptb ah plate It dof peejeetil M O b .II r dt sm ivi br baflhtle a ta.'O TMe banist

heb~ is iW ng beck the Petaks With the 'Ad sof amb 6 emm use ane k.P. a"d 0. whkb We
t m um enptio that the width ad the Petake is Pee- edcul&W trus the fulinwbig .s tldo:

pVANic2at to the thickssi of the plate, the corrset .m. Le.
hem for Ad/d) remalta WV a IM Xo&Q NOW

If veiythik Pbleis U14 =09oftthe diephieA @'
maeterel als peahed laterally aside za~w thsa Surwaxd WVPas in the aem of thin platms Ideally, it tS'em -~ aoWy - mi(~) 4lib

laeldiapbwosmmats and provided the lnm..tilooem
at the plate Material wMr segligibleit would %6 sx. WV? (itoX)06~-K~ that M~/d) - 01id).- This as eqivalen to' hi.h8 l5Cý
sminig a ewatuAt pommm on the sat od the rojae a
Wae. The pressure haa bee interpr4Wst as the hydro- wher multiplying fcoshv o sds hi
5tst, preesre ascsbay to tziend a cyainedria b04e Is 07POe ' LL p"Oas 'V' ilk feet perMG 'sod ilk test
in -he plat by amo~iig the m~aterial eidewisa until the sod d in fea6 Pquation 0It) for & 'Is cusa=4mY s
raw"&ato the hole is equal to that of the proj~ct&le playe by the U- L . A .Y; equatlon (1b) foil P- "
Altoggh &pprumately trizi thia i4Wa toms of the U. L Nail?; and (Ice) fot £', by the Brit .iab Ord.
fol/d) isanever exactly realized 'a practices e t or Rance Deetiments.
thick plate. o-* nasm beizij ti with projectiles at All thre Of thuse epreselon are special fore. d
coovfasonalm.1 shasdpe Same of the Mat1r461 is always equation (10) in which f(L/d) baa been set equal to
pushed forwa~rd as well as sidewiae. During petal for- ((/W) and~ s "asigda 1LconstM ant et. Sima, a
uostion at the back u: theaplate the forarm moion~k pointed out in the l&as aect An, a is equeal to 2 tot very
pgoduce. cracking zD4 bending inAgaui of lateral plaew thin plate and has a value bear I for thick plat 16 any
tic daforMaties equation in which s is fixed requirft "ht the tidlisda IL

Pa~zir 8jru 01 ~ TWRT cor~effid t itself depend on pit." thickness. F in W It i
At te I~wsen tie thre ~~ ~often written as M140d. Results obtained wit& amild
At he rewt tma her isno hy94 W.ryofstee plate" indcaeU that in gsing froma plate 0.3 toaraw~ Pc=tt.O CIPA' of ptei~id h &%actL cali~e.- thick, &' decerusis by 23 percen. 0 by

form at fQ/ld.) for all plate thfic sea. Aithmog 18ps percst, and P' iacnmes by 49 per cent. AKthuugh
the ba&Wic deas anid some of We. details have qUsli#A'awe balinkio coWficest am bensitive to messosble
explanatkins." usablhe fomas for I(OWd) must be &Ug in weighat and diameter at the pi'jectle, they
otaicrAd fromr SrAM dos ean rarely be assiped mosastw valust fo the parpos

'~ Pcoraaors Frmaaxa-N~mal f &xaixpolating ovar a wide range in plate thicknss.

imac (onalAs L "MAsu approsImation for fi0/44, ZWMdene., ductile failure, nondIorrmiv projectile) no fomua hae" nn' oposed that permit ths adjust-.
genera analytical expreaLlon has bo eam pe ta mta. of two puaL_ -sAm githmir tha 0. Aa~iAgths
systemabi'o the resualta of anl meast L.oig tests but
approxiwate foniaulas can be used over restricted LA
ranges in the 1/d Vdua .''""" n-1110 approxi. WV'.
mate empiria formuas aft VuatS~ctory for peuctim -g O (3
purposem if they ane not uxtrapolated beyond the re- ia nde n* ob wue W obgior of exporimeote vlues u~a for 'Thus.am the M e wood um t in mi besalhal d ui~h Wae was
Wiastants of the equatlems. wed Is Bwle L43.

CONflDENTIAL



1~n A7 A MROYUCTIW KAYWAL

~~ * ~The rgioin ot pertculer bflat for kypwvekftyubm g a espsojedillu is 5., r~ats thl&. tbea 2 ftlherm AL.
tbovo "ntion of the type (IS), (13), (14), and

WTI (0 (3 (15)give acceptable rualbtsor iljibetem U MAI
- ~ ~~ L SAwhas the parastmet ane a41u"~ for Uh& vqoo%

tba an likeytlod to erious wroaif tbqasm.

of Cb Ma. n iarp e 3am gim aumltobidusif
with i44.catlmie projectiles *Spine houmogeaam aet.

Ot +QY (1) or(B if on5) LA to. cieish th&k since tam

su a aorn betwee them four eqratiine to far as
somraq in rqeU drn aai cmu o by an epation of tW type of seqtion (16). oT ase

spits the very differeat tonm4 the difenum in pro- prjctl with a Lb-cahber q~vs the equatin is
diew, voumea ax of the Samin orde of mepnitneds a~ F a~~vj I 1

we PP))ed"b.FPS

V..uFP

t 'j~C~

"U .2 KIeCIbtb9

9-3
Tan L /u~%r4o pUHl mavm "Udm@ m m~l H Mww
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374 TKRMMAL NALLMhI2 Or ARUMl

A Smeerl eqution of the type at equastio (M5),w th anglesoa ineidenc. onlY with relatively dta *at
C. and n adjusted for the mop in plate thicbue. be. T6e problem at oblq atkelt is compIested by the
tween 05 and .0, is;gi-a in etio.m UAL For 344- fatd that the projectile is acted an by *arnsvwen
caliber projectiles against homogeneou plate (-HN feres which toad to tum its eais away from the ,.-

M55) tis equtim e - ad to the ila - the no proems t/,N the but
tamo ad towtau the norma & ilt em tbe an k. This

d .• M( +GY "1I Jpmomle evident fro dw sW& shoi~ o,"m lse 19zo

41s F~~~ipaILAa e&adthia g sihr&Stwni esmtheaz
h d rq Wi L5ud L otbe lmit of thehel umsally makm a ager aoge with the

velocities predicted by equationa (1) and (IT) fLr o to the fac of the plate than the a e o In-
projedlt with twe me caliber density nu diffr w.,-w---
by mom than 3 per ceut which is quilt acoaptable --..

aiem to cenaldrlg that tetwo equations - -

established independently from etirabre dafersmt seta
of firing data** and with projectilea bhaing sligh-tly
differtnt nose shapes For plate 4 caliber thick, h•w- i i
erer, equation (IT) keds to a tioiit velocty 4 per
cent too bLrgc 0& the other hand, the value of a in

mately 1.16) and the value at C, inrse to obtai
sctptalble vilueo,-for 1/d between U end L In I••r"
rVrl it may be noted that for all plate thieknsma -

g meter than . the value of for plate of thi hN-riL
ne". is lss than that ueed in equations (13) and (IS) ..
for calculating balistie coeffiientt " slighU•y lrger".-
tlha that uml in eqnat" (14). Itav m i•rs tdl•equal L . ...- .
to unity, the vuerg" required to displace a given s Dan. ac, uhu
%olume of Idate material would be constant rrde4.s4-.*aft@-
of the diameter 0& the hole; since a a al" s equal to
uuityr, this is approzinutely true. oumae & Matic-. adwirg Ver son cc

In summary, thet" arm several two-pirametu for- 4,* aeeikq.
tulas that give acceptae agreemeut with experiment
for plate between 0.5 and 1.0 ealibera thick. Wt an cidence and the Wea is elliptical in shape; the Cs
attempt to eztapulsta thcee equations to prec tho hole ad the etry ahscabed by the piae is
%&:aes for thick plate without rvadju•lment of the greater than if the pojectile had oat turned. At suf-
! ramouters may It sd to serious error. For plata thicvket cinity large augtes the proj.4ile riaxmcets and in thie
trin 1.i calibers, a equation of the type at eoO.tA G Vae'7 little of the piojec4iW• stiking ea., is
(13) with a spproz•mately 1.26, is in •Sree-rwewth abswrid by the plate; it is merely redirecmld As €AR
Ule"~Ure.-its Made for am hesda• of plae, Imight eUpOct, no Mtisa-torY pnr perlorfetio for-

inula exi6t for oblique atts by a nondetorning
SPcrforatdiw Formula-Obqu projeciila, but equatious have been reported" for one

Impaot particular came in which the attack was against ecay
By limiting the discussion to no&foming pr.

Sjedtilea the Case of oblique inmpea is &lmAt excluded. ulata .-

1 or ang". of attack near 40 de.-rcs it is impossible
with projectile ousterials now vailable to kfep any A god index at the tw-minal-hallWe perforimrna
L . t.obloc type und•.•orned at velocitie much above of rumor is its hardone, which is usually .pecifed by
2,500 fps, even wvlen the attack is againAt soft homo- the BaU hadau•s ,,waser (LUIN]. Altar the LhniL
g-zrs armor. Perforation limits can therefore be energy hs ben correlated with the average hare.z.M

* &retrmined for a noadeforming pro•ectile at oblique of a plate, the chief variation in the plai&s behavior
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Resuls from lnbqum iettle introduced eithber, by 6"Soil UKfec
pow 11t trustis or0y 19 bNd& a o foreign =at- Nearly every termina benai to#4 j• ýTofvg pi,.
ria Defects resulting hm inhclusdu are particularly Jeeblu of dliifst diameters shows that for a givm-
deleterios If the plate has been extensiel roltL tid there is a slight tendency for the spei& limit
The d etsan the spread out so that planes of energ to decrease as the caliber ot the prole"--Pa an producedw result n laminatios. a--sv inr* other word if twm projec•l-'

I s the bohrwing Amipem it vil b sposed tli* exaetty de t agfan an ind agit".
all Pa e a s an uniformlm aaO4 rdaned plates c! ideticd r haviag tbahime am el.bw

TI rmints oa a Plate Ihniemo with its hardness thrlcmes the larger projectile has a slightly lower
up to the point where brittle failures st inz'" Hiit velocity. This scale effect contradicts equatia
As thA bardness is inrem d, the petals at the froh t (10), although not aerioualy Ane, the .lSa is esoalL
=An back m an Ast brok off and with futhe Thresi bilitis bare bee proposed a alen- -
1mrm plops ane e~Ited- Concurrently with a chaUPdoe:~from & ductil*- to A plIgnlg-type failure, the nemr. The simplest proposal is simply that, due to

required for pertorniton by a nondeforming proJectile ditcultim in hut trestment, the quality of thick
decresasa. Thus there is an optimum hardness for plates is inferior to that of thin plates, a compar.
givenat of impact conditionk and several inreatia son at the same fld result in an adantage for the
toens•'• hare beeu carried out to determine its larg calibers. In certain caea this may play a pa1t
Tana. but It is not the complete explanatIon.

A perfontim formula including the hardness o f & soa.rd sugeston is that the efect is dos
tin phte as a parameter has been propoeds" by meMr tc the decreme in the rate of strain of the target
Iero o the National Physical Laboratory (England). material with increase in caliber, maller streess
This formula is based on frings carried out with being required to produce the same strain at a lower
scale models of the 2-pounder AP shot (celiber den- rate of strain. As a remutt of rapid rate of strain mess-
sity, 0.602 lb per on in.; nose shape, 1.4-caliber radius uremants" it has baen shown that in armor this
with awdel) againt plates having nominal BHN effet is too small to account for the observed dif•'r-
of U% 300, 3$K and 450, a& raavng in tcknets ences in ballistic limits. Furthermore, the scale effec
from 0.5 to 2.0 calibers. All shot were at normal beeu produced in static puieiag experienuts."
lucidma. . The third, and most reasonable proposal, do.

8400 ,r(.v 7?' (s euds on the osnai that sz aKt co ~,~1* (4- V3 i, .4/ + 74? -- X. - B Y in slow bead and impact teW of UOtho UaM.'"".-

S where B is the Brinell hardness number, B. i, u -Specifically, if d [a a tinear dimension of the sped-
stant for a projectile of a giveu size, and 1'., d'. d, me,, thep the work required to fracture similar sped.

and I hare the usual units of lb, fps, and It, r ut luh'e'ng is not proportioual to d'. It is significant that

This formula agrues with the ioilowir4 observed the sine eect In static tests, Just like the saal eIVoct
fedts: in armor, increases with brittleness: it is larger the

L The curve of limit energy against hardnsas greaer the hardnba sf given steel. Sine ize efet.
a broad maximum. This means that the exact Va l 'e been observed for frure bit not with plati-
of the hardness is uot critical and indicates why it is f(ae it sjpe~r likely that toe region nfar the h ck
dificult experimentally to dterminim an optimum ae is the one esponazhis for the s eet. Excep"
* m. for very bard or infero plate this is the only rugloM
W sidctdb h nraei . erae as the which and thorefocretescal efet ma y bee conneted thaIL 'fiU optimum hardness increase with t/d AMd, i which cradkhig Occtaf Ir hsi bee ouggesteaas indkAh by the iurscse in B,. decre•wt w the ar rnehrsote•aeeet s o dnet•.

calibe iacrsasse. The variation of B, with f 9M of wit& the occurrOnMe of inaluion, which ar print
the ptojectiee will to eeiuied in the ueit s to an m extent em In good qualty .
SThe change in optimum hardness with the I.-The scale efect hal bcen incleded in equation (18) -iTmh tcgetirer with the tect that it m .o diJ ult by allowing B, to be a functiou of the diameter of do

to make good quality hard Plate in large than saAll P Je : Be ..00 "16010(0
heavy armor softer tha troi. tl~re, - .3o04 tL Although a correction due to

I , , .

1• . 1.o.
S ..

I • --. - -.- - - - -



a hpIn the caliber of the prjcilis usal 2, whir. as in Table 1, all results ran given relative
=2 t may boeo -important har , for thin plate to tka performance of a prototype full-calobr ta

sic h so:44 nrae with plate hardnese projectile.,hc sue stegadrAand with a dec.un in the caliber thickness. As an AlhuhtefgrsivnnTaesIndSm
indication of the magnitude of the elfect, a change merely illustrative, they indicate the fact, borne out
in d by a factor of 2 results In a 6 per cent change by experience, that in casm where projectile defonms.
in the specifl Amit wogy for 1 caliber thl& plate don is not a fata cqnsierable increase in pufrobmt
With BUNi ue" lug ability results, from the use of eubcallber projeo-

tiles. They elso show the effect of changing the weiht
LU. Applications of Perforation Formulae e nd asiz of the subprojuatIC

The Sab)ot Projeoctile Thus, by Increasing the weight of the subprojectilh,
The perforation formulas Just discussed afe useful the replacement of steel by tungsten carbide leads to

for V~viicting optimuwa projectile performance and a real improvement; not only can a greater thicknes
In addition, under conditions wheoe the projectile of plate be perforated at the mvn~le but Mhe reltve
does not deform, they have the following applications: advantage of the tungsten carbide cored projectile

1. Corrections of firing trial results to a commou increases with range. It will be noted that when do-
hardness baja. formtions are not considered the advantage of the

8. Determination of the optimum hardness for a tungsten carbidsh is due solely to its greater density,
Plate. which leads to a higher striking energy, and that, it

* , ~3. AsssmU nt of the effect, of changes in the d& does not result becmuse loss energy is required toW
* sign of a projectile on its perforating ability. Perforation.

With regard to the last point, It will be noted that With regard to the size of the subprojectile. Table
alt' the perforation formulas indirate that with a 1 indicates an optimum diametear for the steel pro-

*given striking energy a greater thickness of plate jectile at each range considered. This best diameter
can be perforated.with asmiall than alarpeprojectile increases withlincreaae in range and&talagiven range
This advantage of a subcsliber projectile is pas a lly decreases with in increase in density of the. core mate-
offset, however, by the fact pointed out in Section nial. Yortunatsly the choice of diameter is not critical;
6.4..) that the striking energy of a subprojectile do- the "optimums" sits slowly with range and at a
creame with its diantuter. given range the thickness of plate perforated does not

Equation (16)' will serve to estimate the relative decrease rapidly for small changes in the diameter
importance of these two ocnflwting factors. If T - near tho best valus. The Lnot suitable diameter ira any

* . 1/9,. where is is the limit plate thickniess, for the particular case depends on the approximate range
subcaliber projoetile and Op Is thte limit for a similar ovier which the projoctile is to be fired end ona the
full-caliber projectile, then in taims of the ratio of exact type of carrier anid subprojcctile being con.
the striking energies 5 the perforation formula sidered. For particulars, reference should be mae& to
becomies: Bthe original reports.14'

T - R (SO) 3trictly, Tables l and 2 apply only to normal attack
Ull; by m~onoblee projectiles, but the tame trends with

As previously used, R is the ratio of the diameter of weuight and aize arn appareut when jacketed or capped
the sulh- to that of the full-cailiber projectile. Values prjctl anue as prototypes. Tuhis results sance
of T calculated for satee projcctiles fired from a the general form of the perforation cquaation does not

* 37-mm gun are listed in Table 1 for values of R fro chauge appreciably as protective material Ii added
1.00 to WdA and for rauges of 0.1,000, and 2,000 yd. to the car.
Corresponding values of T have also been calculated
by azsuming that the steel of the subprojectile in m GA PEILVOIWAE OF~ MOIIODOC
placed by tungsten carbide. The values for the tung.
stan carbide cored projectiles are contained in Table

- ~A general discustion of projectile deformations with
J as o thanO~pSU. M o ealbm w navg be wIn 20pariua reference to their dependence oin striking

- ... . .. . .. . .. .. . j. . . . . .. ...- . .... .-i

LIs tW prtm ips~ For -t& -au a M2

Md e..h b ino thsass Is of~i Wh pm eet ar "a Tml•S h.e• ud~ is T arhly 1 exanresut In theprm A ramv :.

2.d the nal edaould &in q th ber -- 'thi l ekn, Aseo an u Atofg the smgumIn• giveno hmin ab ando to as•
in &by •h~or ofJ resuls in • • mfor ay a riuuwtlm ea r os tha amotl stool• 00M
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PERFORMCANCI OF MONOBLOC PROJECTILES 117'

Tanu L. Peioannes of ribesilbte twmaten carbide projlctile* as a function of ar diamet4r. (P4110=4110e1
lathi, to fun-caflber stt projectile at -m1l- shap., with the sum standlad as used In Table U.)

Munseter Mu~as
I4 Vs 0 1,000 ' 2.0(W

- 1)R (0) r (o) 3 (1,000) T (t,000) E (2.000) T (2,000)
437 011)
Lou 2,26 Lot tot t1 1."512L4 Ln2
0"9 2,555 0.90 1.14 1.10 1.24 1.28 1.3
00 2,870 0.92 !.T 1.0 137 1.15 1.i V"
W.7O 3,21b 0.83 141 0.90 1.0 1.00 LOG
0.60 3.83a 0.70 1.3 0.74 1.59 0.80 1.60

-.54 0.61 oUS M6 1.61 08.5 1.66.10.54 _ _ _ _ _e ., . •eto•Le

subprejectile diamete
6M~a dlwam.er

enryof tnuaten carbide roxib tieo I at rama s

enera of similar full-celher steel proIectl at reap x
limit plat& thicknea of tungten carbide subprojeetA at range a
"limit pl*te thickness of similar full-caliber steel projeci at rnM n a

comditions will be given bafore considering effects due with smooth aides to one that has a rough jagged ur-"
to changes in such projectile parametern as length, face and is greatly overmze. These two types of holes
nose shape, and strength of material. Chauges in these are shown in Figure 7. Concurrently with a change
parameters are important mainly because they control from a small to an oversized hole there is usually
deformations of the projectile; to a limited extent, an abrupt increase in the energy required for porfra-
however, thanges in length and nose shape also effect tion. When an oversized hole is produced the nose
the enorgy required for perfdration even when the of the projectile is always in several small pieces.
projectile remains intact. The iaitial failure may occur either in the now or

in the body of the projectile. If it occurs in the bdu Projcctilc Deforma tions --Dependnce " •'"
ijtc n tn D Odl there is usually a considerable difference between the

on Impact Conditio•s velocity at which it first takes place, the rupture

On impact, the str~taes in a projectile, an_ therefore velocity, Lad that at which there is a sigaificant, ft
its tendency to deform, increase continuously with abrupt change in the character of the hole-the shtter
Increase in striking velocity. Although details of the velocity. In this case there Is apparently little correla-
resultant progrevive disintegration changg with vayis. tion between the rupture, and ihatter velocities. If, on
tious in projectile characteristics, the general pattern the other hand, the iuntial failuto takes place in the
is the asme for all On striking the plate at velocitiea nose, this leads directly to shatter, which occurs wit%
below a certain critical value, whose magnitude de- projectiles of conventional nose shape at volocitie.-
pands on the propertdes of the piojectile, the type of only slightly higher than the rupture velocity; shat-
=rmor, and the angle of attack, the proJs•tlle stay ter u defined hares corresponds roughly to the point
intact. As the velocity is increased above this value
the projectile doformna progress'vely' until at a sufl - Because of the close correlation between the rupture andshatter volocitics in the can whom in~tial failhure& take phaf

cieutly high velocity it completely diaintegratee al- in the n values repord fur the ,hatter velocity o tmeda
- most immediately on ;mpact. anrrwspond to the velocity at which the Initial fallme occurs

A&M smetimes to the velocity at whioh the nose empetelyAe acies oewt aloe wthi velo w i o dislntagrtea.'.' In fact, it has been propaead,u with some
veloti~es) somewhat above tha velocity at which the moa, that what Is har, We, callod the rupture vlocity
initial failure takes plnee, the hole made in the plate for nose failims be defined sa the shatter velocity. ''e tarm
changes from one of approniaute projectile diametar shatter velocity as uned in the present report has the meaning

-__ originally assigned to it by Milne and Hinchliffe.8 BUatWt,
I Aa exception to " statemat sometimes, tho'.qh rfsely, velocity defined in this way haa practical lmpor4 enm becaus"

occurs when the Initial fa-lure takes pla•o In the body of the It eoesponds more closely than the rupture velocity .o the
projectile. Projectile have beon ob-erved? to break across point at which thre is an abrupt change In the eore Ab.
" the body &:W fail to p rste the plate at a low veloctly aW sorbed by the plate, but It Is difficult to measure and often has

- •yct perforate whole at a dightly higher velocity. way Statistical signflica•0es'

CONFIDENTI4%L
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178 1 IINAL BALLIMTCS OF A2101R

F ~at which the whole UMs of the- projectile is rem"&

by' curve*"' such as shown in the scibematic graph

arate va*w fo om ined woo anid drop off wilk

-ban#

'J

fluk .cmu Iaho rtclveoiis aus

correspond to 06 ths for M t H0cacrbepr~ll.

increase in the angle of attack; very few tests have
- bceu made for large angles, bitt at least in one casae"

the curve for the ahattcr velocity ilattena out for in.
torniediate angles and rises slightly for large ungle..

4

These curves are given in terms of the striking
conditions. Their exact positioiw depend on nose

- shape, projectile length, and strength of projectile
1 material. -It semes unlikely that they depend to Lay

-unsiderable cxtent on the size of the projectile or its
- density, but these factor& have not been thoroughly

investigated. They are displaced to lower velocities
wijej the plate bardress is inzteawseal but, at least
for plate over I caliber thick, are relatively insacos-

- ~tive to changes' in plate thickness.
Examples shovzing the dependence ofprotl

* . deformation on str;Mcng conditions &ra given in Fig.
~4-*---t ~ur'cs 9, 10, 11, 12, and 13. It is evidczt from the spark

* . ahadciwgrapha of Figure& 9 and 10, showing a tuug.
riten carbide projectile ju~st as it emaerged from the

TxoaT. Holes produced by shattared and rkon- back of the plate, that tho projectile ica~nsid corn.
* shalttered steel cores In .S6cal~ber arrwhead projoutie.

A. Vriew of e(Wt uide of holms B. Samea holes &(t~at As an excesption too this, body failures In tumaptea cart ida7
sactoakc Ext 41o ofhols tothe dn otmear deceras with knereae In plate thickoaeuis

as~oln Ei sdeofhoe t te ef. CONMEDNTIAI4



.. EBFOMANCE OF MONOBLOC PROJECTILES 179

. " •-,.- vrelet; this bulge grew with increasing velocity. Th"
. .7 firt separation was the removal of the tip of the Dogs

' .and at a slightly higher velocity the projectile was

" "-"' "•. . - recovered in several pieces. Pictures of plate sections

showing essentially these same stages of progrsdve
"-disntegration aft eprodneed in figure M

VS,3000 FPS (SHOT KO.9. "

r"Perforating Ability-pe

"---.,p• •.,: y:.•.: /, [Except at very ,%rge anglesa of impact, the increase .

-i perforation energy resulting from the onset of
/. shatter is considerably greater than the increase pro.

uced by the body failures and tho minor nose do-
Vs-i;40 FPS (SHOT NO. 27 formations which oecur in the region between the

, -- - - /rupture and the shatter velocities. This effect of shat-

ter is greatest at normal incidence where the increase
.... _ in perforation energy may be as great as 100 per cent.

Although the effect decreases as the angle of attack

• s, iI1 FPS (SHOT NO.*16)

$-ANGLE Of AT¶ACK650 -1VSO STRIKING VE£LOCITY(EX,. 15"1 .... .

l.yA.Fcnual 9b Depeudenc e r projectil e brekup on striking•.. ~ ~velocity. A .244-calibor tungsten carbide projectile t "' ''

("standard"; I-ITR) after perfoiating Ylin. ontd- ., j. ' -

pletely intact when the striking velocity and angle
"" of attack were small but broke across the body when .... '. o WSOT H0.1

these qaantitics were increased.3 In another seriem ........ ...... -.-
of shots"T extendiag to higher velocities than used .

for the pictures of Figures 9 and 10, the projectile [
was fired into very thick armor; the pictures repro- I .-"
duced in Figure Ii are X-ray photographs taken
through sections cut from the armor after the impacts.
For a particular anglo of att cKu -uote the shots at 0 ..-... T ... "O.U.1"

and 30 degrcs--only body failures occurred at the low ........-.

velocities, but at the highest velocity the projectil

broke into many small pieces. The diameter of tht"
holes is conaiderubly larger than the original projec- -

tilb diamter end tihe depth of penetration is much -.

Icis tIsmn wouli occur with an intact projectile. At "..o. t..ox '.o. -

normals the pciietration is no greater for a striking O.,NOLIE Of ATrACK"

velocity of 4,200 fps than for 2,600 fps.. v5 . CTfl|NG v~LOCITY'ZOCO 1..

"In contrast to the behavior of tungsten carbide, L... . . . ..

which suffered a body fracture, the recovered steel FIiuua 10, Dependence of projectile breakup on angl"
projectiles shown in Figure 12 first underwent plastic of attack. A .244-caliber tuiten carbide projectl• .-

("standard"; I-ITR) after pWrforatlng Yrin. cold.
dtformation which resulted in a bulge near the bour- role I steel (Rockwell B 94).

CONFIDENTIAL"
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Af?'LE Of ATTACK

Fioume 11. X-ray photographs of pena,&ratixui by .244-cai~bcr tuauites carbide projectile Into homougenous armor
(SHN 260).

Cr Copolidon: 75 per cent tung,,.n carbid
I 28 per encoalt t

S Hardnes: Rockwell A 85
prcue1Tranaver rupture strength: 378,000 psi

Ds(niity: 13.0 1per au ca
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ilncreases unt! at very large angles (greator thian 50 All four of theme results do not occur for all thick- '
degrees for 1-ca•liber plate) the energy required for nesses of plate. Thus if the plate is thin, result III

-," perforation by a shattered projectile may actually be canaot be obtained r'egardless of the striking velocity;,'
": lea tlan for a projectile that remains undeformed,11 even though s•atter occurs it does not prevent per. ",

.-. " it im still significant for angles of attack at least "4 foration and the projectile will defeat thin plate at a~ll•i
great as 45 degree& velocities above its limit as an unfhattered projectil.-.U

"GILen a projectile is fired at a velocity above its For thick plate, result II is misaing; it is impossible.'-
chatter velocity its performance so a function of in this case to perforate the plate without shatter and •
rauge (or striking velocity) may conveniently be d*- witL shatter oaly at v'ery high striking velociU. L-

-. : ribea by moans of graphs such &A shown in Figuro With plates of intenuedat4 thickune, between 0.8
. l14. In this graph' the performance is given for a per- and 1.3a in. in the present example, all results are •-

i•. • ticular angle of attack in tcrns of the atrikiug v'elo, possible; the projectile can'ppAorete plates of thus '.•
S~ity and thickneas of plate; by means of three curves, thicknesses at relatively low velocities (at long rMnP) {

the shatter-velocity curve, the curve representing the but will fail at higher velocities (at short range) •"
limit velocity with shatter, and the curve for the limit becaus of shatter. At still h~gher 'velocities portora

-" velocity without shatter, the graph is divided into four tion can again be achieved in spite of shatter, al. .
"-'. ~regions. These regions are d.•signated by Roman nu. though, as in the case illustrated, thes velocities ane;..
," ~mara]s and indicate the following reoults: often above the iauzzle velocit.y of the guni. When per. . "
S~~I N~o perforation, no sh~atter. foratie- can be obtained at Telocitie, &Woye and below...

I! Perforation, no shatt•,. but not within a certain intoz.al, the interval is called".
III No perforation, chatter. a shtifo" gap.
IV Perforation, "tter, The shatter velocity in then above example to much

". CCOZ MIDBNTIAL

360 3..00. .* .............. .00 .10 3.0 3.0 340 .50 .50 .

STRIK#O5 ILO01Y I 7.-
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higher than umuaily encountered because the graph is ranges, This res~tA from the occurrence of it abs~t
based 9 ka etsibed at normal incidence with a gap whi6 bxtended well below 3.000 fps.
sharp-nosed projectile. With projectiles having more Graphs aindlar to that of Figure 14 may be drawn
conventional nose shapes, or in oblique attack, shatter for oblique angles of incidence as well as for normal.
may occur at velocities even beaby the muzzle voloc. As the angle of attack, is increased more energy is re.
Ities of full..caliber projectiles fired from standard ~ ~.
guns. It was mentioned in the introduction that the
2-pounder projectile used by the British in the Miy-- .

an campaign failed to peWorate Gerama tanks what
fired at point-blank range but was successful at long

-61

bea A u intct secio at M6 to noml U. Sti

veloity 3,00 I setio at V t nomal.A ad BNoproain osatr C tiigvlct:33

fpssecloa t 3* tonoral, ip f noe ebeddd I
plat. Pdoralon no lwater D. triing eloity
4,14 (M ecton a 10 to orma, ta potio

wre 1euie inOas utw*emve wenhoo

gape. Soprorto, hterr tiking velocty:278fpaereondbdl
"4,oU5y 3p,100 Ipa, aet norm at. Peroratio norl Aand.

noounrfrati Trno siation C SIilre veloiety: 3,38 sltere prjciewt.nr"n vlct biut)

fps~tioat35onomalCiOotosDmbedgdl



PUEFORMANCS OF MONOBLOC lROJECTILFS RU

quirad for perforation, so the two curves representhng &.u Projectflo Parametem

the limit velocities are displaced upward; on the ther 'A* mentioned in the introduction of this chaptr
hand. the shatter 'velocitydereIs w ameters of a monobloc projectile may be io.-
the angleothinidnesotisr ure i sdisplaceddown-. the paia) eso ool rjciemyb m

The antle of idisplacmdow- aidered as its size (diameter d), its length (either
byr. the urves for o teso ad3optaegent red total length or length of cylindrical section 16), its
by thecV 11 foreuSOt,,o sho at20 d egrees fornded ose•shape(pecifed for tangent ogive bytb thad
An Fgure 18 The restitn of sts a t 20 pIar gg w radius r.), its density and strength of material (ust-i
ii• Figure iS. At Use larger angles the hater sap verse rupture strength). The shape parameters are

oemurs at lower velocities and with thinner plate* but i i .

La, extent is leo because the difference between th 'e be o ble to specify a completely rational pro*...

tile design the effect of changes in each of these quan.
tities on perforation limits should be quantitatively

-' - knowz; at present it is usually possible to indicate
- "" '-only tho trend to be expected.

4e •: "--.-, STMOTH OF MA_.Rn.L

a S = = Projeetile failures obviously result from a lack of
lmechanical trength. The causes of failure are re•
viewed in a series of reports from the Watertown
Arwenl.""14" It is poilated out that a failure Wma.

I - _ - - -- ally occurs as a result of (1) shearing stresseas in the
. " - ------ , nose, (2) lateral expansion near the bourrelet pro-

"t~w va--w-w Lu ,ass duced by axial compressive stresses, or (3) tension in
," I-" " lCIW l I the outer layers of the body resulting from Lending.

"To resist the shearing and compressive stresses and
"-•n,, thus prevent nose failures the material should have a

high hardness; to prevent body failures it should have
FPouse 14. Perforatoa Umlts and shatter velocitles at a high-bend (or transverse-rupture) strength. Un-
O0 obllqultv. Steel tores of .244 caliber agint host -"".
geneous armor, BHN 256-.95.& 20- Goo-

Reiom 1: No perforatiou, no shatter. Iwo "-

Region .11: Pfkwation, no uiaatk-P.
RnA;oa M: No perforation, shAtter. F .
Regioa If: Iorotig, ,hatter.

onergy required for perforation with and without - - -. ,
. shatter has decreased. Thus with increase in the angle moo - - - - - -

I dl
of atk it be.-omcs more difficult to prevent shatter - - - ' "'-,•.;- s~~ne• it occurs at lower velocities (at least for 0 < 40 I•/•"degrees) but its effect in limiting perforation becomes t. l.

-. -i,.- - -i --- "
less. V 00-- - - -I- -

The effect of firing a projectile at a velocity.above I 0 0, I-
its shatter velocity is only to increase its effectiveness •oc -- A -I I-.

at long range at the sacrifice of good perform ance near -- - 0 s--- .- - r,_
tho miule; thene is no overaiP gain. Particularly at Jm / !IIIIIIi!I"'

hypervelocities, prevention of shatter for angles at .--;i,
leat up to 45 degrees is the principal problem in the ioi"--- . . L L
design of armor-piercing projectiles. Avoidance of less ao .

extensive deformation, such as a simple body failure, i% tem5 m e
Fnl lem 15. Perforation limits and shatter velocitles atis of secondary0 although sometimes not negligible, 0, 20', and 300 obliquity. Steel oores ol .244 eabe7

Importance. against homogeneous armor, BHN 265-29L'"
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fortunately maximum bend strength usually cannot meters. While mechanical strength Is important only
be obtained simulbmeou=y with naximuu hardneuss with respect to dfor,-.tions, changes in Ohe oth•r

• - To alleviate this diMculty steel projectile at giwen variables may also affect the energy require& foc ,
a differential heat treatment. The nose is kept hard foration when the projectile stays intact, or the en rGY
but the body softened to allow plastic deformation, and velocity with which the projectile strikes the
which relieves the tensile strosees in, the outer fibers Plates,
Ny this means ft is often possible to prevent boi fais Changes In nose shape will not affet the sriking,
.res in steel projectiles without increasing the Ikeli. energy, provided the total projectile weight ilkel.
hood at niose alousa. This is essential bemuse a nos, constant and a windshield is used to keep the external
failure leads immediately to shatter, which is much contour the same. Thus the two most important art.
more disastrous than a body failure, terse of goodness are: (1) high shatter velocity and

In the caa of cemented tungsten cerbide projeetile4 (1) low perforation energy for the intact pro.
the highest transverse-rupture strength that can be jectile."'41'm i'
obtained, even by sacrificing hardres, is do low that Iu Table Z am given the shatter velociti agalinst

body failures occur at extremely low velocities. Thus homogeneous armor at 0, 15, 2.5, and 80 degrees for
the initial failure taking place at the rupture velocity steel projectiles having tangent ogives with caliber
is invariably a fracture across the body. The nose
remains intact, however, until the shatter velocity is TAza S. Dependence of shatter velocitlue (fps) an

iose shape and angle of attack. Steel projectiles, he
reached, whierupon the whole projectile disintegrates. t plate (B"' 341).4
"A series of tests"-" carried out with cemented tung- -

aten carbide projectiles of different compositions has Caliber ogiv

shown that, ua one would expect, the shatter velocity or attac '
increases with increasing har.dess, while the rupture (der_,) 3.0 1.5 1.27 1.0 0.2
velocity is increased by an increase in tranaverse 0 4,0(X)? 3,400? ..

rupture strength. Since by changing the composition ,2 WO2 2,380
a a decrease in transverse-rupture strength always ac- 22 . . 2.750 2,,6m 2,500 2,200.
companies an increase in hardnes, the shatter veloc. 30 2,00o$ 21,400 2.350 2,40 2,200

ity can be raised by this means only at the expense v -.. •ozu wetvatwa m aaI t m.,at wstt Ia r o min.e 55

of lowering the rupture velocity. This decrease in the T b , ?ltuay ,uptuf% oe.l"a.tDoubla radius alve, with aphmartd t*

rupture velocity is usually of no practical importance, Utuumw tm m a role"" SL
however, since it is so low in any ease that body fail.
"ures cannot be prevented with projectilel of conven. radii of 3.0, 1.5, 1.27, and! 1.0, and also for a projee.

tional length under conditions of impact likely to bs tile with a 0.2-caliber spherical tip used in conjunction
encountered in combat. with 1.27-caliber tangent ogive.9."* At normal, the

For perforation of single thicknesses of homogone. projectile with the largest caliber radius, that is, the

ous armor the best composition of tungsten carbide Is one with the most pointed Lose, has the highest shat-

the one giving the highest hardnes. High hardness ter velocity. At 30 degrees the situation is reversed;

Is obtained by cementing the tungsten carbide par. of the projcctiles with a simple tangent ogive, the one

ticles tcgcther with a small amount ot binder and with the smallest caliber radius now has the highest

this, fortunately, leads to a high density, which is an shatter velocity. Thus, Ua far as avoidance of shatter

added advantage. If the target consists of sped is concerned, it is an advantage to make the projectile

plates. other considerations indicate that a different quite pointed for normal attack but blunt for a 80.

choice may be advisable." degree angle of incidence. For larger angles of attack
the order may again reverse."

,.losi SH e If the shapes are reted on a bais of the energy re.
Although the ultimate rcasou for projcctile failure quired for perforation when the projectile stays ii-i

is low mechanical strength, the shatter and rupture tact, the large-radius ogive is again best at normal. - -

velocities may also be varied by changes in other parsa Thus in normal attack of homogeneous armor 4 cal.
Although attenpts have been made at adjuating the ibers thick the limit energy of a projectile with a 1.5&

ohadnef and tuansvernseuptuzn strength along the lenoth caliber radius Is 15 per cent greater thin for cns with

SUN. msuL4  a 5.0-caliber radius;,' this advantage decreases with

CONFIDENTIALj

j . .. ..... .,..

"., . '. "I "" " ... ".

.. - . ,~- . - - .- - . .- -.-. . . - - - . . .. V- - - . . , - -



P OMIANCZ OF MONOBLOC PROJVCITLTES 1

plate thickness, but the difference Is still 4 per cent it is often difficult to decide on the best length"
for 1-caiber plate. At high obliquities, projectiles unless the projectile can and must be kept completely
with a large radius ogive have a greater tendency to intact,
scoop; since this leads to a higher limit energy, a Conventional lengths for monobloc steel projectilbe
blunt-no•.•d projectile becomes beat under these con. and tungsten carbide cores are about 3.5 calibers over.
ditions. all, with body lengths * little over I caliber shorter.

On a bash, of both ratings, high shatter velocity or The cores for capped steel projectiles are usually
low liuiit energy, a large radius has an advantage for shorter than 3.5 by % ta I cWINa-,.i-" [ near-normal attack but not fur oblique attack. Obvi.
ously a choice of the best shape cannot be made unless
the conditions'of impact are exactly specified. A re.4- As with an increase in length, an increase in density
tively blunt nose, 1.3. to 1.5-caliber radius, is usually of the projectile results in a higher striking energy
chosen because of the difficulty of avoiding shatter but a lower striking velocity; the lower striking w-
iat obliquities between 30 and 45 degrees. Even with a locity reduces the likelihood of shatter.

* bluut nose, however, shatter cannot be prevented st The most important change in density encountered
high striking velocities without the use of a cap. in projectile design occurs when tungsten carbide is

S The above discussion was concer-ed with a single substituted for steel. It is interesting that it Is the
radius ogive. It will be seen from Table 3 that a high density of tungsten carbide, rather than its bet.
rounded tip leads to lower shatter velocities at all ter mechanical properties, that is responsible for its

angles of obliquity; since this shape in no case results superior perforating ability. Although the shatter ve.
in an appreciably lower limit energy, a rounded tip foaity of a tungsten carbide projectile is not much

should be avoided. Flat-ended projectiles are oven greater than that of a good steel, it can have almost

nmore likely to shatter so that they can only be used twice the striking energy without shattering because

at very low velocities and therefore against very thin of its greater weight. Thus the high density of tun;-
plaic; under these conditions, however, they require sten carbide leads to two distinct advantages: (1) a

considerably less energy for perforation than projez- greater striking energy and (2) a higher shatter aa-

tiles with ogival heads."0 ergy. It is essential, of course, that an increase in den-
aity not be accompanied by a decreas-i in strength;

•Lrxoz- lead, for examp.e, is a poor projectile material in spite
"jS Because of a decrease in the weight of the projectile, of its high density.

adecrease in length leads toslower striking energy and Another effect vf a change in density, or more pre-
a higher striking velocity. The writer knows of no tests cisely of a change in weight, is of secondary impor.
which show the exact dependence of the shatter veloc. tance, but will be mentioned for the sake of complete-
ity on length, but it seems anlikely that it is appreci. ness. This effect is concerned with the energy required
ably affected. Certainly if the projectile is too short for perforation when the projectile does not shatter.
it will fail by shatter because of the high striking Equation (10) should apply in this case and this equa•
velocity. This furnishes a basis for un absolute lower tion assumes that the liiit energy is independent of
limit for the length; an upper limit is sel. by stability the weight of the projectile. This has been shown to
considerations, be true'" for normal attack of plate thicker than 1.6

If body failures occur for lengths iuterrucdIlut be. calibers but for thinner plate the limit energy in-
tween these two extremes, a choice must be made be. creaj.a ilightly with increase in projectile weight.'".'

*tweea the greater otriking energy obtained with a long For 1-caliber plate an increase in weight by 50 per
projectile and the smaller tendency toward body fail- cent increased the limit energy of a projectile with a
urea resulting from a short projectile. As an example 1.5-caliber radius by slightly more than 9 per cent.
of the effect of length on the occurrence of body fail.
urea," a decrease in the body length of a tungsten S-Z'

carbide projectile from 2.75 to 1 23 calibers increaaece A change of sidz is obviouely of importince in do.
by over 300 per cent the energy at which it could be sign only in the cace of subealiber projectiles. As a
frid through homogeneous plate at 30 degrees with- result of the inc.'ease in striking velocity with a da-
out breaking. Since a body failure usually does not creaso in size, rhutter often occurs before the optimum
"greatly Increase the energy required for perforation, diameter calculated by the method of Section 6.5 Is
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!S6 __,TERM AL VALLI3ZCS Or ARMOR

reachcd. A case in which the occurrence of shatter de. . " I
termina the most suitable sin for a suibcaliber capped .
steel projectile is considered ra Section 6.& The as
shatter velocity of a monobloc steel projectile is so low l ,0 V ON,

at obliquities that even a full-caliber projectile of this OMu a U. W - -

type is ineffective if fired from a present day standard
gmn in the imuportant range betweens 10 and 45 de.-
grees. Bfoaobloc tungsten carbide projectiles might "' i
conceivably be used in sub.aliber sizes if the striking
velocity was limited to values below about 3,000 fps
and the attack restricted to homogeneous plate. If the
projectile &ind gun were the types considered in cal.
culating Table S, a muzzle velocity of 3,000 fps would
corrcpond to a 3ubprojectile to gun diameter ratio - - - - -"

of 0.7&.
0 1 0 to 30 40 10 00 70

aio~g or' IAr.•c iso otag • .

'7 COMPARATIVE PERlFORMLANCE O' FiouR 16. Comparstlve performaneg of capped a&dionoblo prctiles against homogeneous . '- arum.CAPPED AND MONOBLOC PROJECTILES

a function of the angle of attack. For small angles the
The purpoie of the cap is to prevent shatter. In monobloc perforates thicker plate. The adv.ntage of ,."

cases where the monobloc does not deform badly or the capped type, whose piercing element remains ;n-
where shatter aids perforation, tho use of a zap is a t•ct at a.ll obliquities, begins'at and i greatest for an ..

detriment. 'On the other hand, if deformation greatly angle just larger than that ott which the monobloc shat-
reduces the perforating ability of the monobloc, then te.. As the angle is increased beyond the critical angle
the cap, by keeping the main body of the projectile for shatter the difference between the thickness of at-
intact, may decrcase the limit energy for the projec. mor perforated by the two types gradually decreases
tile as a whole despite some loss in penetrating ability until it becomes zero. At still greater angles (greater -
due to its own disintegration. Thus the limit energy than 55 degrees in the present case) the shattered
may be either increased or decreased by the attach- monobloc perfoistes the most armor. Thus in the in.
,Mnnt of a cap and unle3s the conditions of inapact are termediate velocity range the monobloc is superior at
exactly specified, no answer can be given to the ques. large and small but not tt intermediate angles; the
tion of whether a capped or a monobloc projectile per. capped projectile becomes superior at smaller angles
for.ites a greater thickness of armor, as the velocity is increase&-

For attack of face-hardened plate the cap is useful Although the exact amount by -which the chatter
at all otriking velocities. Agaimt soft homogeneous velocity is raiued by means of a cap depends on many
plate (BHN 2530) the monobloc has the advaniage at factors, particularly cap weight, there is no doubt as
low" velocities (less than approximately 2,500 fps for to the general effectivenem of the method for reducing
steel projectiles), but the capped projectile can per. deformations. To cite one case,1 a particular cap (27
forse thicker plate at velocities above the shatter ye. per cent of core weight) increased the shatter velocity

locity of the monobloc at normal incidence (for steel of an uncapped projectile fired against homogeneous
projectiles usually above 3,500 to 4,500 fps, depending armor from less than 2,400 fps to approximately 4,100
on nose shape). Whether or not the cap is of benefit fps; the cap was equally effective in increasing the
at velocities intermediate between these two extremes shatter velocity at all angles of attack from 0 to 60
depends on the anglo of attack. degrees. The addition of the cap in this case reduced

A comparison of the performance of a capped and a the perforating ability of the projectile only for plate
monobloc steel projectile of equal total weights is less than 2 calibers thick because even at normal in.
given in Figure 1 for a particular striking velocity cidence the uncapped projectile could perforate prate
in the intermediate range.'4, The graph indicates no thicker than this without shattar. For 1-caliber
the thickness of plate perforated by each projectile as plate at normal incidence the cap increased the limit
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HYPERVELOCITYT flOJECTUMD 8

velocity by 10pernt ad thu limit energy by 54per In case where the core does not shatter, !aowevQ4~
cent. This effect of the cap in increasing the limit va. .material behind the core often contrib~utes to tire pene.
kocty becomes less for thkzs plate." tration by giving the core a boost from behind wato

The relative performance of a number of full-eaD. it strikes the plate.4 Thus the resnits given for per-
her nionobloc end capped steel projectilcs is shown in foration limits of tungsten carbide cored projectiles
the graphs of the Division 2, NDRC. Data Sheets in the Division 2, 1!DRC, Data Sheet 2CG of Chap.
2CUa (Chapter 19). These arn standard projectiles tez 19 are sometimes lees than would be oompr Qd
AMe from standard gume at velocites below 3,000 fps. from equation (16), not only because of a slight semI.
The earves which give the thieknas of homogeneous effect but also because of contribution. from t1&i
armor that can be perforated a. various ranges, were jack-et.' It should be pointed out that the band in tbiL
purposely not begun at zero range because the projec. graph marked "capped should apply to any projectilei
tiles had not been tested at vil-..Lesaaahighas the which has sufficient material to protect the nose lot .
muzzle velocities. Exrap,4.,r1#iu would probably be whether it has a cap in the conventional sense tw niofL
justified for both the capped and monobloc projectiles
at 0 degree obliquity and fez tha capped but not theu YEV OC YPR ETI S
inonobloc at 30 degrees. For example a test.' of the

a monobloc 37-inn 1174 showed that at poirt-blankt As previously indicated, armor-piercing projectiles
range it would shatter and perforate only 2.1 in. at are conventionally classified as snonobloc, capped, or
30 degrees while extrapolation of the 2C3a graph in- jacketed, and either steel or tungsten carbide is ciii-
dicates that it should defeat 3-1n. plate. Another point toinarily used for the piercing element (core). Con..
is thtt the performance of the monobloc: projectiles is ceivably any of these six possible types might be em.

* worse at long rangesa than that of the capped projeo. ploycd as a full-caliber or as a subcaliber projectile,,%
tiles. This might appear to contradict earlier state- but, with the exception of small arms ammunition, the
mnents that a monobloc is better at. low velocities. The only types used in combat during World War 11 were .

* cause for the poor performance of the mionobloc iu full-caliber -apped and znonobloc projectiles made en-
this case, however, is not. its poor terminal-ballistic tirely of steel and jacketed tungsten carbide projectiles
behavior but the fact that only tho capped projectiles in both full and - 'uslibe; sizes. Except for experi.
have windshields. -mental purposes ana la the case of one gun, the Gaw-

The above examples are for steel projectiles. Tihat man 88-mm, steel projectiles were not used at hypeN'
the addition of protective material is also effective in velocities. The possibility of a hyporvelocity, subcali.
the case of tungsten carbide cores was well demon- bcr Rteel projectile will be discussed, however, in order
strated during the development of a hyperveloeity to compare reaults with those obtained with tungsten
projectile for the 6-pounder, 7-ewt, 57-mm gun." carbide cored projeetiles which ware used exclusively
During Noi derelop.mnent, a comparative termilnal-bal- at hypervelocities.
liatic test was ca~rried out with projectiles of two types.
One had a comparatively heavy steel windshield and Steel Projectiles
Duralumin pad covering the nose of the tungsten Normally the full-caliber steel projectiles havei
curbide core while the other had only a light Dura- muzzle velocities below 3,000 fps. The monobloa is
luinin windshield. At 4,150 fps, which was the inu~zle ruled out for use at. higher velocities because of the
velocity of the gu.n, the projectile with the heavy steel likelihood of shatter. The capped projectile is leas
windshield wns able to perforate approximately 25 per likely to shatter than the inonobloc and can be sue-
cent more armor at all but near-norma~l obliquities. ecasfully used as a full-caliber projectile in somewhat

Actually the tungsten carbide cored projectiles used more powerful gunf., but only a smail advantage is
in the 57-mm guri were jacketed rather than capped. gaiued by using it as a subealiber projectile.
In either case, hovruvYer, the cwential feature necesanry The graph in Figure 17 shows tho thiekneus of ar.
for gocd performance is sufficient pro~ective material mor that can be perforated at. the mnuzzle of a 37-mm
surrounding the nose of the core. The portion of the Flollowing custonmary practilce, the specific limit energies
jacket surrounding the sides of the core appareiitly and caliber plate thickwesse In this graph ane based ou moe
has little effect in controlling breakup," anda presuxn. weight and diameters.

'As used here, subeiiber means that the dwameter of the
ably this is ale true for the material behind the core projectile in flight is less than the diametoar of the gun.
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Flamm 17. Perforation limits fc unction of diameter of subcaliber projectiles. Hom~ogeneous armor attacked at
point-.blank range.

gun. by subcaliber capped steel projectiles of the same ample the munule velocity for the f ull-caliber pzo~eo
shape but different sizes.4 This curve was calculated tile is 2,900 fpe ; in tho case of a more powerful gun,
by the method outlined in Section 6.5 but is based on the subprojectile would be limited to eveu larger dl.

* a perforation formula obtained from Biring trials with arneters and its advantage would be still less. In fact,
a projectile of the particular type and shape couisia. if the power of guus is increased any considerable

* cred in this example; the curve should hold at obli- amount above the present level even the full-cauiber
quities as well as at normal. It will be noted that even projectil.- will be unsatisfactory unless means of 1A.
though the cap in this case is very heavy (27 per cent creading the strength of ste-el atv found.
of core weight), shatter sets in before the optimumn
diaracter is reached. In order to avoid shatter at the SLU Tungsten Carbide Cored Projectiles-
muzzle the subprojectile to gun diiameter ratio should

* Inot be greater than about 0.7; furthermore, at 2,000 There are three conventional types of jacketed tung-
yu . core of this size would give better performance sten carbide projectiles: (1) the folding skirt pro-

than smaller cores even though def-irrnation is not a jectile, (2) the composite rigid or arrovr~esd, and (3)
factor at this range. If a aubprojectile with a dieuincter the sabot. Due to their very small total weight all have
ratio of 0.7 were a scale model of the full-caliber pro.. muzzle velocities in the hypervelocity range even when
jectile, it should periorate approximnately 30 per cent fired from standard guns. Likewise all have about the
more armor at the muzzle and 20 per cent more -ýt ssme terminal-ballistic performance which is deter-

* 2,000 yd. Actually, however, it is not neceassary to ':emined to a first approximation by the Erice and, weight
a cap at heavy as this for the full-caliber projectile; of the core. In other respects each has itu own advan-

* the cap of the 37-ram MUi1 is only 14 instead of 27 tages and disadvantages.
per cent of the core weaignt. ConEcquently the advan. Folding Skirt. This projectil-i is fired through a

IL tage at the muzzle of the subcaliher projectile over the tapered bore which may either be built into the gun or
11t51 is only 18 rather than 30 per cent, and this ad- added to a standard gun by means of a speia muzl

* ~vantage decreases with increase in range. In this ex- ittachment. The taper serves to swedge down flangd .:.
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akirts, which extend from the main body of the pro. 6 --

*jectile sothat the emergent caluis is much less than
the original diameter. In this way the acc4eliating
pre'ssure of the powder gases is allowed to act on a

large a while a amall am is presented, to the re- Z

sitting pressura due to air resistance. The prinadpa1 . -

disadvantages of this means of obtaining hypervela-
cites s tatthe tape" prohibits thes Use of atannard.

caliber projectile with a tungsten carbide core having
a diameter appioximately half that of the gum. Due 5
to a very low ballistic coefi~cient it rapidly Iowea so- i
locity in flight so that it is effective only over a very
abort range.

Sabot. The principal disadvantage of the sabot is the
danger that the disciarding pieces will strike friendly 0 .t so 40 so Go 7o
troops. Although the high ballistic coefficient of the MNSLA Of A~T&A 0 61tf
aubprojectile makes it effective over a much longer Fiva IL Comparative performanve of sub- and full-
range than the composite rigid, it Is not so accurate caliber projectile. A' 37-rarn 1.3 gun, point-blank range,
at, the present stage of development. hosuogeneous armnor BUN 28O * A0 Sae Tab~le 4 (at

That practical projectiles of these designs are sig. cupe.poetl ecitos
cilautly superior in perforating ability to conven-

*tional full-caliber types has been demonstrated both ing ability to be expected from. the use of tungsten
*in combat and by plating triaIl. The meat recent est. carbide cored projectiles is given in the graph of Fig.

mates for the performance of various armor-piercing ure 18, which is based ou firing trials carried out by
* projectiles against German tauks" indicate that for Division 2, N')RC. This graph indicates the thick.
* every gun conaiaered (78-mm, 77-mum, 20-mm, 17- ness of homogeneous armor that can be defeated at

pounder, 3.3-in.) the composite rigid and sabot pro- the muzzls of a 37-mm gun as a function of the Ingle
jectieAs are more effective than the corresponding fall- of attack. Limit thiclknesses are given for three pro- '

caliber steel jpojectiles. Contrary to the opinion that jectiles: (1) full-caliber capped steel 37-mm X61,
tungsten carbide projectiles are inferior at oblique (2) subcaliber capped steel, and (3) subcaliber
angles of incidence, their superiority exists at 55 de- Jacketed tungsten carbide, miodel of 6-pounder dis-
glees obl~iquity as well as at normal, although not to ca-yding sabot [DS] Mark 1. A description of these
the same extent. projectiles is given in Table 4. The full-caliber typo

A second example showing the increase in perforat- is the standard service projectile for this gun; ths sub-

TABna 4. Deskniption of projectlie. *howe perforsting abilty Is given In Figure 1I.

Discardling saboZ2
*Projectile Full-callber s~apped~ted1 Discarding "baot, jackvied tungsten carbide

type 37-umm M51 APO capped-etcel eubprojeat~a uubprojeictile,
__________ ____ ________ (Model of 6-1lb DS, Mark )

subprojectile Satbprojectlls
Components Complete Wlnd.,leld Cap ICore Complete Complete

Windshleld CAP Core Jacket Core
Wih b) 17 0.3 023 1.61 0.85 0.01 0.14 0.63 0.88 0.23 0.43

Diameter 1.40 .. .. 1.48 1.48 .. .. 1.02 1.45 0.95 0.72

veoiy2=4,110 4,050
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190 TERMINAL BALLISTICS OF ARMOR
caliber steel projectile is the one who. performance if the mnm armor o the target is protected by ta
vu discussed in the proeeeding section; the tungsten skirting plate, or (8) if the armor plate Is set so that
carbide cored projectile Is representative of good de- it can be struck only at a large angle of incidence.
sign for this type, although the writer has seen no re- If higher striking velocities are to be employed,
port indicating that the diameter of the core has been better means must be found for keeping the projectileadjusted for optimum aife. At nor•mal the tungsten intact. Every effort should be made to increase the
earbide cored projeetile is able to perforate So per cent strength of projectilo materials rund more eatiafactf~ry.more armor than the full-caliber projectile; while the methods should be devised for preventing the decap.advantage drops with obliquity, it is still 23 per cent ping' and breaking of projectiles'1 by skirting plates.
at 55 degrees. Specist attention should be given to high-angle at,.

tack. At tke end of World War II it was impossble
FUT''JR STUD=ES with the best antitank guna and projectiles available

to defeat the sloping plates on the front of German
A person thoroughly familiar with the results of the tanks except at short range.many plating trials carried out during the past few At the present time projectile design must be car.years should be able to suggest a good basic design and tied out almost entirely on a basie of empirical results.reasonable values for the parameters of either a full or Particularly for oblique attack, the fundamental prob.

a subcaliber projectile to be fired against simple tar. lem of finding the forces involved in the plate-projec.
gets from a present-day gun. Adjustment of the par&- tile interactions has hardly been touchod. Once these
meters on a basis of firing trials may well be necessary, forces are known It should be possible to deduce thehowever, before acceptable performance it obtained, dynamic stresses produced in the projectile during
The designer will find his task difficult (1) if the im- -tct and to design rationally against the resulting
power of the gun Is much above the present level. (2) deformations.
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F. Chdpter T
TERMNWAL BALU1STICS OF CONCRETE

U1TMODUCTIONI such thiags as ricochet, deformation, ruptums Ia..
Proper fuzing. etc., and to avoid overestimatincauase&

T-.3 7U Work af CPPAB and CFJ) byT a lack of understanding of the phenomenag of tar-

aantBombing [CPPABI.1 This Committee was ample, the design of concrete-piercing projectiles and
apponte byFrank a oetB.sieto h

$and the .Zational Academy of Sciences. This contract larly, the best fuzing to detonate the projectile at
*called for the National Academy of S lncts to make maximum penetration or after perforation depends an

-:reports to the Chief of Engineers, U. S. Army, coe-teieo penetration or perforation; indeed. the
ing "the basis of design of structures to provide pr. question1 ol fuze initiation also Iepends on a knowl.
tection to personnel and installations, bol., military edge of the setback forces at impact, psrticularly In
and civil, a&Aunat bombing by aircraft." The cotrc the case of very thin slabs. These examples and gan.
was subsequently renewed by the Corps of Engineers rarearkarpehssufcntt getten-
in July 1941, July 1942, and July 1048. In the luttertread eaieimoace f rin baltocontract, terminating October 31, 1944, the name W" studies of concrete and their bearing on offensive as

* ~~changed to Committee on Fortification Design [CFDI ela eesv ciiis
to correspond more closely to the then-current objjec- Beyond these particular applications the study of
tives of the committee's work, the terminal ballistics of concrete is of long-rang.

Almost from the beginning this work was closely Importance because it sheds additional light on the
integrated In many of its phases with the research general problems of penetration and perforation. Here-
programs of Sections B and 8 of Division A of NDRC tofore only &tee' (including armor) had been studiid
and later of Division 2 after the reorgi~nization of extensively and perforation rather than penet~ration
NDRC in January 1043. stood in the forefront of intercst. This was partly be-cause of the dificeulty in obtaining both the high ye-

.. 3 Purpose of the Investigation locities and the nondeforming projectiles required to
In the first Instance the research on concrete wee produce massive penetrations beyond the nose height

undertaken to create a bettor quantitative basis for fthepoetl.Wt eirt agtodnr rthedesgn f dfenivestrctuesas u jst eenjectile velocities and ordinary armor-piercing [APJtedlcsedAsi Worldensv Waructproresse hand jus bee projectiles are adequate to secure peneEfrations beyond
phass siftd fom efese o ofene, anyfurherthe bourrelet in massive targets. Herce- the simpleriphlctos ohfthed knowledgfne tooffnce, beany futohpear antl more fundamental problem of missive penetra-Baplicatoso h knowledge coneringted terginalo bppear.ticion could be studied extensively. Furthermore, the

of concrete is needed in predicting the effects of oui existence of a marked scale effect and the 'brittle
own eapn. n th enmy' forifiatins, unkrsrather than ductile na~ture of the targe, material mreve

ow ext aeyiportaont toe realiz's fothta attcing bumn hortcltrkentoreetainsnefoainforprjetil my e hndcapedorevn dfet tob wi.U th rangeor of phenm a Pronsieremnh
submrtineopnsoWrDprmetPoet E and other Itcrt wascur prbal supii oeeroet dsoe

andtroml~y impartaent Poroealz ht anO atakig om

anb tee Navy Deartaen ProeectsA, 2A-3, A,~1 , that although extensive use of concrete had been tonadsof Chapter 11. in fortifications and notably In the Maginot Line and
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2192 TERMNAL BALLImTICS Or COmcRrK"

the -.Test Wall, no evidence could be found in avail-. L Pid Report, Yatioue Ressarc CoUaclL co-:s.able documents of any vey seriqu experimental wor asittu an Feortiftwgio Dniii. John FL Bv•d, 4,o& the termingl ballistics of concrete since the time of December INC4,
the Mets Committee, 1835. In view of the early period While this is ronologically the last of ".4e CPAB

1andhhtareportsoitain put first hers because i~t am.ties which surround it, it was concluded that a serious tans 4Apt fin reieo the histwy, projecbk,progrm aza uld be ,ul-ud hnton the trntua belli- and poft ot them committees from their inceptiomtics of concrete. 
.?."to the and. Wor•k on the termind• balJlstcs of wac- ""The history of the problem of the terminal ballistics for part of the activity of 'hue committee.

of concrete before 1940 is adeqnateIy covered in a
CPPAB report' discussing the theoretical end experi. L Terminal Bafldikte.o H. P. RobertaIO CPPABmental results then available for the solution of the Intetim Report. Jaumary 194L
penetration problem iu concrete, stel, wood, earth, A critical survey of previous work in the field ofand sand. This report survey the theome ofpnta eerto n efration is given. he report con-
tion, the problem of rupture (scabbing), and of per- tains extensive references to earlier work.foration without rupture, and the effect on penetra. & Final Report for tes year ending June 80, 19.11,
tion of the physical properties of the target. It also Part 1 CPPAB..in~ludes a substantial bibliography of those sources Pa"" PPI

incl des a s bat ntii b bli gra hy f t ose sou ces This report contains the sm all-caliber penetration- from which m aterial was actually used in preparing t a of the Man t-c ie r ope rties Sur-" the i•eport, beginning with Robins in 1749 an data of the firs Princeton Cwoucrete o iropertien tur--luding with British Air Raid Precaution (ARP] pub- vey," the object of which w to obtain experimentallixations of 1939. The principal authors cited include information on the effect of concrete properties on-- Robins, Euler, Morin, Poncelot, Piobort, Didio, penetration resistance. The then curv'ent theories ofMartin de Brettes, v. Wwch, Resal, Levi-Civita, P , concrete penetration are discussed and the data ame
de~iorgi, Crane, Thompson, Scott, Peres, Milota, analyzed in terms of the classical Poncelet theory.

Used, Veser Hedingr, krantajw, MntinyThe first evidence suggesting the existence of the eimsl
e:ct for concrete penetration is prcseuted and dis-

S;~~~~~p i.L P rint , G i ple r Ca o s y nt r d ti n H aPp &o l o [ P e e c i e n C o c e e i c a dicussed ou page 48 of this CPPAB report.

Prnia Cotiuin 4. Pcn.!ratioa of Projectile. in Concrele, RichardA. Beth, CPPAB Interim Report No. 3, NovemberBoth experimental and theoretical work was dour 1941.
on the terminal ballistics of concrete by Division 2 of This roport suggests the use of en empirical peastra.NDRC and the afore-mentioned asociated organiza- tion formula for concrete of the form . =- DVrd',Stions. Small- or model-scale experiments were carried where a. is the nose-corrected penetration in cali-out at Princeton, while large-scale teats were made at brs, D is the caliber denuity of th.) nondeforming 'the Aberdeen Proving Ground, where the necessary projectile, V is the striling velocity, d is the caliber,facilities were made available by the Corps of Engi. and K, a, and P are coustants. The factor dO rep:e.neers and ihe Ordnance Department, U. S. Army. In sents the scale effect.
compiling and reporting the experimental observa-
tions, great emphasis was put oa making complete S. AP Bomb Test-Comment, Richard A. Beth,aud accurate tabulations of all principal and auxiliary CPPAB Interim Report No. 9, April 194.3." I data. The results have been found to be useful as Bibliography, data, and discussion of tests with 12-source material for problems of many kinds and, it is in. AP projectiles, weighing 1,000 lb, striking heavilyhoped, may form the bases for bitter analyses of the reinforced concrete slabs of three thickmesses, 36, 60,phenomena of penetration and perforation in concrete and 81 in., at 1,000 fps and 20 degrces obliquity. The
than have yet been made. .45-caliber penetration data obtained on unroinforcedThe cour-e of the work during World War II may be 1-ft cubes of the same concrete are also given and anoutlined by the following brief summaries of the prin- attempt is made to evaluate the scale effect according rcipal contributions. The bibliography for this chapter to the type of formula suggested above.' This involvesincludes not only these references but also lists related a suggested method of making allowanc, for thework by the Army, Navy and by Britioh org.iz ,tiona. density of reinforcing steel on penetrqtion. .
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C. A Brief Summay of Res Data on Penetroion This report consists of thres separately bon'"
in Concvete at Variou Scalss Richard A. Beth, parts: Xlect of Concrete Properties o Fte in
CPPAB Interim Report Nao 18, Tune 1941. Reistance, Append• r A-Preparation and Physia

A luminary review of penetration data at ./.acal. Tets of Concrete, andAppendi•c B-Pnestration Daia.
bar, 37-, 75-, 155-mm, nI-, and 163. scales. The data In order to explore the effect of various concrete
are analyzed and correlated in terms of empirical properties on penetration resistance, 154 I-ft cd.
frmwulss of the fornm sugged above.' Scal,.e-ef tagets representing about 75 different con•reteo .on
graphs are given. Some data on sticking, scabbing, and made and tested for penetration resistance, using non.
perforation of eonerete by inert projectiles are given. deforming hardened steel .60-caliber model-seee pro.

7. Penetration and Explosuio Tests on Concrete jectiles. Tests were made at normal incidence with

Slabs---eport 1: D ota, Richard A. Beth and J. striking velocities from 600 to 2,000 fps. The earlier
Concrete Properties Survey data* were neither a*
extensive nor so accurate as these newer data and

Janmuar 1948. shorld therefore be reg;arded as preliminary or aux.
This report contains complete data and some pr iliary to the data of this report. Summary tables of

liminary analyses in the form of graphs of extensive the da t end a discussion and analysis of the results

tests on 39 reinfored oncrete alaba at .45- and .50. are contained in the first part of the report; the two
caliber, 37- and 75-ram, -in and 15-mm saes, appendices contain complete descriptions and original
Penetrations, perforations, obliquities, and explos ons data on the parts of the work indicated by their title•.
are included.
& Penetrai" aund BExplaios Tests on Concrete 12. Ballistic Tests on Concrete Slabs, J. Gordon .

* s--Report I1: Cater" J'rofflee. J.Grdn Stipe, Jr., M. &. DeReus, J. T. Pittenger, R. ,.
Stipe, Jr., CPPAB Interim Report No. 21, Janu- Hansen, CFD Interim Repoe. 28, June 1944.

ory 19421 (The separately bound Appendix A-Tables of
Data contain. full tabulations of all original bl-.

Eleven large prints of measured crater profile draw- liatic ad concrete data.)
ings which are reproduced at smaller size in referý- sabnadpntaintsswr
once T. Perforation, scabbing, and penetration tests were

made on 133 concrete slabs in this companion pro-
9.Restanc, ofLaminated Concrete Slabs to Perfor- gram." The same .50-caliber projectiles were used
aier, Rober J. Hlansen, CPPALB Interim Memo- and slabs from 3 to 18 calibers thick were tested.
randum •-9, May 1943. These smadl-scale tests were planned to supplement
Report on tests made at 37-mm scale to find the the information at larger scales,' particularly with

reduction in perforation limit velocity produced by respect to thb e/tect of slab thickness, concrete
pouring concrete slabs in successive layers rather than strength, aggregate gradation and size, various
monolithically. A lowering of limit velocity by not schemes of reinforcement, scab plates, and obliquity
more than 5 per cent per constrnction joint was found. of incidence. The following relations were found:
10. Terminal Ballistics and Explosive Effect. (An- si/d = 1.23 + 1.07s and a/d = 2.28 + 1.13s,

pcndix to the CPPAB Final Report for the year where old and s/d represent the thtickness that can
ending June .0, 194), CFD Report, Oct. 1943. be perforated and scabbed respectively, in calibers,

This report contains a description of terminal- and z is the penetr'.tion depth in calibers into massive
ballistic phenomena with concrete, steel, armor, and concrete of the same characteristics at the porforation

other target materials, together with a t.rmpilation or scabbing-limit velocity. These relations show good
of onsiderable quantitative information on these su- agreement with the data except at obliquitics above

Sects in the form of tables, graphs, and nomograms. 40 degres,
It was originally written to assist the Corps of Engi- 13. Repeated Fire and Edge Fire Effects on Small
veers ia the preparation of a new fortifications Concrete Slabs, J. Gordon Stipe, Jr., CFD"

manual. Interim Memorandum U-12, July 1944.

"11. Concrete Properties Survey, Richard A. Beth, The number of rounds required for perforation ofSJ. Gordon Stipe, Jr., bf. H. DeReus, and J. T. re'Auforced cou.rote slnat. by repeated fire attack with .

Pittenser, CFD Interim Report 27, July 1944. .50-caliber model-scale projectiles was tested for two

CONFIDENTIAL '._-_._-!

., "- - .• . "



TERMINAL DALLISTI(M OF CONCRETIC

thicknesses of concrete, two reinfo:'cing schemes, and lines the theory and design of the coils, the equipm•at

for diferent distances from the slab edge." Tables of used, and describes preliminary experimental work
ballistic datot and many observed crater profile drawings i ding the methods of stablizing the magnetic

ane included. moment of the projectiles against te effects of im-

14. Composite Sldbe, J. Gordor Stipe, Jr,. CFD paCt

Interim Memorandum H-13, June 1944. 18. PNnetrat"on Theory: Separable Force ,ave ansd

A method of estimating the perfotio-prooft the Time of P 'r!otrat.on Richard A. Beth,

ness of slabs composed of concrete and steal, soil and OSRD-258, NDRC Repol t A-333, June 28, 194.

concrete, and of the three mater.als is proposed. This report considers th6 consequences of assuming

1 Penetration Theor' Estimates of Velocity and a separable force law' of the form.R = cg(z)I(v) as
an alternative to the generalized Poncelet force law."

Time during Penetration, R. A. Beth, OSRD-4720, General forwulm are given for penetration as a funs*

SNDRC Report OTB-7, February 1945. tion of striking ve'ocity, remaining velocity as a fune-This Rpoprt Oumrz•theter fth Bit tion of depthi during penetration, and for time of

of the resisting force R during projectile penetration penetration. A number of special cam are tabulated,

for three cases: (1) R is a constant (the Robins-Euler including all of the classical theories ot penetration.

theory), (2) R is a function of the remaining vles. A separable force law for perforation leads to a rela-

ity v only (sectional pressure theories), and (3) R tion between limit, striking, and residuul velocities

is a function of the penetration depth x only (see- of the form F(v:) = F(v,) - F(v), which is inde-

tional energy theories). The functional form of R pendent of the projectile mass and the target strength

is not known, but there are reasons for believing that under certain plausible assumptiona.

the actual curve for R will fall between those pre-

dicted for cases (2) and (3). A knowledge of R would 19. Ballitio Tests on Cont-tete Slabs, II, Elect of

be a step toward solving problems of fuze and pro- Nose Shape, J. Gordon Stipo, Jr., OSRD.6638,

.jectile design and the dcaigu of composite targets. NDRC Report A-s12M.S" ~This report gives add~itional supplementary .S0-

16. Concrete Penetration, Richard A. Beth, OSRD- caliber data of reference 12, particulaely with respect

4856, NDRC Report A-319, March 20, 1915. to the effect of nose shape on scabbing and perforation.

An attempt is made to revive the Poncelet hypoth.

esis by postulating a force law of the form R _- 20. Final Report on Concrete Penetration, Richard

a(z) + bu' for concrete penetration, and a(x) and A. Beth, 0SRD-6459, NDlC Report A-388.

b are evaluated from the .50-caliber penetration datal" This report sunimarizes the work on concrete pnen-

and some additional data on the effect of projectile tration and perforation which has been done at Prince.

maws and nose shape given in an appendix. Calcula. ton during World War HI. It then propoeaa an ap-

tions of resisting force, time, and remaining vulocity proximate theory of concrete penetration which cor-

during penetration are made. The theoretical conse- responds to the present state of knowledge on the

quences of a further geneialization of the Poncelet subject.

force law, R = a(x)v-' + b(x)v', in which the

firet term is able to take account of the concrete scale U P DESCRIPTION OF
effect, are worked out in an appendix.

17. An Eluctrornagnetic Method for Measuring Pro-

jec.ils Velocity during Penetration, R. A. Beth Sonic of the principal phenomena resulting from

and E. J. Schaefer, 0SRD-5175, NDRC Report the impact of inert nondeforming projectiles on re-

A-329, June 1945. iuforced concrete slabs are illusira'cd in Figures I

The method consists in magnetizing the projectile and 2. Each drawing represcevts a seckion through the

and recording the electromotive force induced in slab in the plane of incidence of the projectile (see

suitably disposed coils during deceleration in a non- Figure 3, Chapter 5) and is drawn to scale from men-

magnetic and nonconducting target material, like surements of an actual shot. They are arranged to

concrete, by means of a cathode-ray oscillograph show the effects of slab thickness, atrilking velocity,•i ~~equipped with a linear time sweep. The report out- and obliqttity, The data werer obtained in the pecntra- . .i
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PIRYICAL DESCRPTION OF PHEEOWERA 195

tion end eiploaion tests on conwete slabs' and are in concrete, the effecta Mustrated are produced at pro-
displayed in somewhat dif'eereat form in Data Sheet grewively aomewhat lower striking velocities "s th"
SA3, Chapter It. caliber or scale is increased for projectiles of the same

Figures I and 2 as e sd on observations m.do form and caliber density and for targets of the sameP..
with 37.mm AP projectiles, wi'%t cap and windshield concrete composition, strength, age, and thickness in- '
removel The projectile weight was about 1.70 lb, calibrs Thes sale effect results invalidate the rurle" 4 •

which gives a coliber &ensi D of U54 lb er n Ln. of thumb resulting from earlier theories that under

similar circumstances penetration is proportional t-.
&.cAle Effe caliber. For largo changes in caliber this effect can

Qualitatively similar results have been observed be a serious one. In round figures the massive penetra-
with projectiles of various calibers from 0.30 to 16 in. tion measured in ca-l-b- ' la.v ge projectiles is 100
and with AP and semi-armor piercing [SAP] bombs. per cent greater than that for small projectiles ia
Quantitatively, however, because of the scale effect going from .50 caliber to 16 in., and 50 per cent

AP Prolectile riking obliquity S
w,'d in test
(not tO scole)

37mm

SP ...

F•,20.

I 5 '1.4 4 I 4IA

00 'W 7711Ri

t724 7-1G M7G~U 7 i., Ric '770 W

0 12FEET Ri L

Ftoaun 1. Thdn sb. Profil of actual craters. Slnb: thcc.ks, 8.9 In.; compressive strength, 5,7CO pal. Projoctile: 37-"" "
b160; weight, 1.70 lb; cap and wincdhkld rcmovcd. Striking velocity (pe) shown for ech impa•Oct
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,ago* 13=0 t 13089 5&0R
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Vzoon" 2. Thick ulab. Profiles of actual craters. Slab: thicknew, 22 In.; oompriw.2ve strenath, 5,700 pal. Projectile: 37-mmi

Y20; weight, 1.70 lb; cap and windbebl*d removed. Btri1king velocity (fyn) shown for ecch impact. Stuck projectilas
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PHYSICAL DESCRnION OF PHENO A 19_

r in going from 1. to 6-M. calibec tot Qtha.2.Z Front-Face Phenogm aaa "
vile similar cirmstancm

ing made from obseatons en actual shots., F NT CAzM; 81-A nt.Figures I and 2. show not only the general trends Pieces of concrete, called spalls, are ejected from-ound by varying striking velocity and obliquity for tho region surrounding the point of impet thus le- .two typical diicknessee of slab, but aliso exhibit the ing the front crater seen in the dra~wings. The "la at]kind of random variations from an idealized norm the crater formed increases rapidly with increa•ainwhich are found even under well-controlled condi- striking velocity up to 1,200 or 1,500 fps for ordinarytions, It Is convenient to make an arbitrary division AP projectiles and less rapidly at still higher strik"into front- and back-face phenomena for the purposes ing velocities. Its shape is roughly conical but very' of discushion. irregular. The presence of a reinforcing layer or =At

i _

CAL...50 2X to GRID 6 MM . .X66 GRID

6 3 2"XO" GRID 1. W? V`& 6XQ GRIO

to sme all incalibers. Cord grids placed In front v! arawrer shot. o-iginal sime

3. ' Ucrtr I ocrt 
" oAT
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"W•IUUNAL NALUMS Of CONC4.,

L - oiWZ," A -M -. Alfticdbq eti2 Jti4l t I nW% a c9 mp c wad way, as Malde it mnub
M t- st•,,-_. " er. The phob- morn eN.lcult to estalh Venau rulai or formulas
rapbs '•z. .- .. ;iwau of typical for j."etrationa at obliquitil

front-f ace cratezs. L AIMe Thorn liluetrat
on produced by the -.,-i d AOcaliber, 1-0 ?1-b
"aed US-ma Pgodeel, "Vpeadvly. photo. In & twia , i t the penstra±i1 hole goso deep
SNV h haw bes reprugmd at &rut en. so enough beyond the front crater, the projectile is likely
that the pnjectile diamtara hi.v the am eg uate to stieck that i*, be held tightly at or near its marl-

Sfor in of th mum penetration withou% falling out of the penetr-"
tion hole or rebounding from the target. Experience
Indicates that a projectile must penetrate at least 3.5

For 6 COWIN MISsIle and target the aevlra normal to 4.8 eibers before it will sticl, the larger factors,
p Uow tian may be xpected to incras withstriking apparently being required for thicka atabs. So&

, ~velocity &eeordiLgi to a smooth curve. Actually the penetrations will ordinarily be attained at normal hin.-;

random variations of individual shots from the ideal cidance with strikin velocities in the region between
, sa curve nay be as great as 10 or more per cent li 1,000 and 2,00! Ipe the value depending on the ct-edW.
p"eAtratim. In Section 7..3 the ,athematical rapre, weight and caliber of the noudalorming part of the
natation of tho penetration curve will be discussed for projectile, the strength and penetration resistance of'museive" argets, that is, targets so thick that the the concrete, ant thicknesa of the alab. The eoe-

toucrete does not begin to 7itld (scab) on the back ity at which sticking sets in with a given projectile.
a.440. When scabbkng (see next eotion) sets in, pne.- target ecmblnition is called the Sticking limit. The

' trations begin to increase more rapidly with striking sticking limit increases with increasing obliquity. A
velocity than Iudicated by the curve for mauivi pene- numbcr of cases of sticking ere shown in the upper
tratlim. two r.)v of Figure 2.

At striking velocities up to about 1,000 fps a nDr- The phenomenon of Sticking is of special impor-
DM11y incident projectile does not penetrate beyond tames with explosive projectilu or bombs. It is felt
the crater which it forms, and the deepest point of that the maximum effect of detonation Is secred whenHe
the none impression appears roughly as the apes of explosion takes place at the deepest panetration that
the sloping crater sides. At higher velocities a non. can be attained by the inert nmiuile before detonation.
deforang projectile begins to form a cylindrical It is practically impossiffle to fuze accurately enough
penetration Wiol beyond the crater, provided the tar. for teis if the projectile rebouno's. In general the fuse
get is thick n u.gh. This is illustrated partiecalarly in time should be made long enough to allow perfora-
the crater proMfes on the left side of Figure i tion or the maximum penetration to be reached be.

Obliquity tends to :aduce the penetration depth as fore the missile detonates. If the fuze setting is greater
measured perpendicular to the target face although than the time required for either perforation or maxi-
the slanting or curved path length of the projectile mum penetration, the %-aximum damage wil ho so-
In the target may be almost the same as in the cae cured except in the case of rebound, while if the fuze
of normal incidence. With ricochet (see below) this setting is ahorter the projectile will be definitely han-
path length may be even greater than for the normal dicapped with respect to the target in almost all cases.
ca&e For practical purpo.es, hAwaver, the d&Pth The mass and striking velocity of bombs are usually
reached below the face of the target saes more aig- too low for sticking penAetration; if the target is too
hnifiant than the sltut depth. The drawings show that thick to be perforated, a bomb will rebound instead
this peipendicular depth deceses In a regular wity of sticking.
with increasing obliquity, although the random varia.
tions of individual ehots from an idealized average RhCoC..
curve have been found to be even larger thian in the Examples of ricochet may be seen in the lower
previously discu b1d case of normal penetration. This, right half of each of the Figures 1 and 2. Ricochet
together with the fact that relatively much fewer ex- will occur for a given striking velocity when the ob-
perimental dtta are available and the fact that it Is liquity becomes great enough. Conversely, for a fixed .

*"expected that the perpendicular penetrations at vatS- oblicuity or %ngle of incidence different from normal
-us obliquities depend on both nose shape and pro- there is a limiting velocity, the ricochet limit, below
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which ricochet -ccurs and sbove which the projectile the area of cover which I. loosened and thrown of

PHYSICAL DESOUIPTION OF PHK~OENO H1A 199 •

dips into the slab without ricochet. It will be noted especially when insufficient. shear steel it provided for

that the i1cochet limit increases sharply with obliquity. tying each lateral ba'to the body of the slab at closelyRiieýhet greatly handicaps the missile with respect spaced intervals.
to the target ted thereby enhances the protection Below the scab limit at concrete slat: or wall will..,..
afforded by the slab whi'La decreasing the relative ef- offer adequate protection to personnel or KWuPMeNf•" •'
•tieveness of the projectile. This applies particularly not in •direct oo~taet with the salb anxd therefore ot " '•

fm explosive projectiles or bombs when the fuze Pet- mectly subjected to whatever mechanical shock may
ting is such that the detonation takes place whan the be transmitted through it. However, u son as csab.-
missile is Lo longer in contact with the target. The bing sets in, pieces of considerable size and volocity
lateral and turning forces cxerted on the projectile or may be thrown off. Thus scabbing i` the List serious
bomb during ricochet also pose difficult problems for sourm of danger to the objects which the slab is in.
the fuze designer. tended to protect. In this light the scab limit rather

Although perforation and ricochet cannot, by deft- than the perforation limit is often used as the pra.n.
nition, occur simultaneously, it is possible to have a cipal criterion in the design of protective ooncrete.
scab thrown off from the back of the slab when t.e "
projectile ricochets. With sufficiently thin slabs the PUnORATzOsr
front and back craters so formed have been observed The perforation limit ic the lowest velocity at
to overlap in such a way as to leave a clear hole which the projectile or bomb just passes completely
through the slab, even though the projectile remains through the slab. Like the scab limit it is lowest for
on ;.he attacking side of the slab and therefore does normal incidence and it increases with obliquity in a
not perforate in the true sense. roughly similar way. Beginning at the scab limit,

penetrations increase more rapidly with striking ve.
BC C Back-Face Phenomena lority than in massive concrete, the excess being .
S B,•e• CRATER; SoIA ING largest just before perforation is attained. Hence the

For a given target slab a progresaivo Increasa of perforation limit is found to be markedly lower than
striking velocity produces, first, cracking on the back the velocity required to penetrate a distaces equal
surface, followed by scabbing of increasing extent. to the slab thickneu in massive concrete of the same
Scabbing consists of the ejection of pieces of concrete characteristics.
from the back of the slab opposite to the impact point Perforation is especially dangerous in the case of
thus leaving a back crater after the shot. The lnwest explosive projectiles and bombs th~tt are fuzed to de-
velorify for which scabbing will occur is called the tonate after perforation. The missile may be expected
!co. limil for any particular missile.tsrget combina- to produce the maximum damage to personnel and
tion. The seat limit increases slowly with obliquity equipment when this explosion, fragmentation, and
for anglus up to 10 or 15 degrees and more rapidl) blut take place within a space entirely enclosed, and
for lar -r angles. supposedly protected, by concrete walls and roof. The

Figure 4 shows the appuarance of typical back-face residual velocity of a projectile, after perforating such
craters at various scales, namely .50-caliber, 37-, 75-, an enclosure, is usually insufficient to carry the pro-
and 165-mm. A&; with the front-face craters show-, in jectile through the far wall and out again even if the
Figure 3, the photographs have been reproduced to direction of the trajectory is favorable; therefore the
the same scale in calibers. The bick-scab crater is futa time need only be made sufciently long to
usually wider and shallower than the front-spall secure maximum damage.
crater, although both tend to be very irregular and L
to show large departures from symmetry, smoothness, LI•=rr VzLoOXrza t el iand reproducibility. Tn reinforced concrete often only It shouldI be emphasized that the limit velocities .i

the cover (the concrete layer outside or beyond the for scabbing and rorforation as they have been do-,
back-face reinforcing mat) is actrully projected away fined hero are idealized mean values at which the
from the slab, while a considerable amount of badly missile will just begin to scab or to perforate the
broken and cracked target material may be retained concrete slab in quesLion. Actually the values are not
within the reinforcing mat. On the other hand, as sharp; repeated tests under well-controlled conditions
may be seen in Figure 4, the back mat tends to widen show the same kind of random fluctuations as have
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Fiou~za 4. Scalb craters Inl ~Tcncet due to AP pw*oo yjilessrm noml4flyatvoc" l&.yabePdrton1m.
Al botogm~pha to same s~ea In calbers. Cord grids plwjed in frn of crtj sho originallo aim.

becn iuietioned in connection with the other concrete the terms scab-Iiimit thickness and perforution-limit
phenomena. '(Compare with Chapter 8.) In practice thickness are used for the idcalized mcan thiclneasee

it is necessary to allow for these uncertaintics by using without allowance for uncertaiutiea.
an appropriat "safety factor" or "ignorance factor" ,±4

to ensure that scabbing or perforation either will or motn hr~rsiso
willnottak plce acoringy ~~ ~Concrete Targets

ailnttac k e or ac aoefensesth.prpsei The terminal-ballistic behavior of a concrete tai-
got depends on the nature and quality of the concrete

Limir THicxxzssR$ and on certain construction features such as size, re-

It is often convenient, in de-ling with ihese phe-. inforcemnent, etc. This is well illustrated by some of
noFzna for dcsign purposes, to consider the strikian the phenomena already describcd and shown in Pig.

velocity fixed and-to ask *or the slab thickness that ureu 1, 2, 3, ane4. A. deeper understanding of these

will just be scabbed or just be perforated. Here again aa well ss some of the other phenomena to be di..
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PHYSICAL DESMCMFl1ON OF PHENOM A 201

cused. m , be gained by reviewing som of the more mix or by an increae in the age of the targett tsted.
important =an typical charcteristic of concrete But an exception hba been found with differecu in
tairget.s strength occasioned by different curing oondition.."
SoCompared to otherwise similar moist-cured ooncrete,
TLCx Sr n Q T o, CoMCrZ dry-cured targets showed up to 20 per cent incresea

L Some idea of the order of size of the concrete tar. of penetration resistance while the nominal campres
- ets under iscussion may be gained from the fad that sive strength measured on companion cylinders cured

practically all of the experimental work bas been with each target, decreased by 40 to 50 per cwnt-
done on slabs whose thicknels falls somewhere in, the The experimental tst also " sow that panatration.
range from 3 to 18 calibers. The perforation thickness is affected by changes in the aggregate component of
of good reinforced concrete (say, 3,000-psi cylinder the concrete in the sense that an increase in the size
strength) for normally incident AP projectiles at and amount of aggregate put into the concrete tends.. 2,000 fps may, because of the scale effect (aft See- to decrease penetrations. But it is not clear what .

,•'iition 1.2.1), be " low as 9 to 12 calibers for .50-mxi- gregato parameter would be nu~t approprista for a.-
Sil~z' nd un s hgh s i to18 ~lierefor quantitative formulation of this effect, esipecit~lly when

16-in." projectileL. These statements are merely in- differences in scale or caliber have to be considered.
tended as a guide to the order of magnitude of tho The .50-caliber tests on several dozen targets1 ' in.
thicknesses under discussion; whenever possible the dicate the order of magnitude of the eflect to be as
actual design of protective structures, estimates of follows: with concretes up to 4,000-p.. compressive
weapon performance, or other theoretical work should strength, penetrations decreased by about 20 per cent
be based on a more detailed consideration of the fac- when the aggregate was changed from flnenea modu.
tors involved. sue 3.0, %I-In. maximum size, an'a 65 per cent by

One of th~ese factors is the quality of the concrete. volume, to fineness modulus 5.0, 1.-in. maximum size,
In general, the selection vf materials, mix design, and 75 per cent by volume. Frr 7,000-pai concrete .

methods of placing, etc., which govern the quality the effect seems to be smaller.
of concrete for civil construction have a sioflar effect Even among the three specific aggregate parameters
on t•c ibility of concrete to resist the effects of pro- named it is hard to decide,, on the basis of expert-
jectile impact. Extensive experimental tests at .50- mental data, which is the most appropriate for de-.
, caliber" and •ialler scales' were made during World scribing the effect. Concrete technologists insist that

' War II to study the effect of concrete properties on ""toa reasonably smooth gradation of aggregate sizes, from
penetration resistance. Many suggestive correlations coarse stmues and gravel down to fine sand, must be
appear ih the data but, as may be expected, it is used in making good conete. The water-cement ra~.h,
difficult to find a general quantitative formulation determines the compressivo strength of the resulting
for them. concrete, indepeudenL %,f the amount and sizes of

A case in point is the effect on penetration of aggregate used. For a given waier--coment ratio, an
changes in compressive strength. This is important amount Jf water-cement paste somewhat in excess of
because compressive strength is perhaps the moat corn- that needed just to fill the voids in the dry aggregate
mon enginecring designation of the quality of con- ! ually provided. Leu paste will obviously result in
"crete. The small-caliber tests, conlirmed by some evi-"" dance at larger scales, suggest the followin•g approxi- porous concrete and too great an oxces may result in
dmatleru e of .abl:e for a given projectile ani nonuniformity, a tendency toward segregation, and an

striking velocity the normal depth of penetration is unwarrauted increase in cost. An increase In the ag.

inversely proportional to the square root of the com- gregate size, which tends to decrease the propl.jrton.

pressive strength of the concrete. For example, an in- ate volume of the interstitial spaces (since a smooth

crease of 10 per cent in compressive strength will gradation down to the finest sand is still required),
reduce penetrations by about 5 per cent under other- also tends to decrease the water.cement paste requird,.
wise similar circumstances. This rough rule seems to and thereby ,wnds to increase the percentaZe by tol.

hold whenever the kind, amount, and size distribution unie of solid aggregate in the resulting concrete. A

of the aggregate component remains essentially un- consequent difficulty is the impossibility of making
changed, and the increase in compresaive strength is accurately scaled-down concrete for model tests in
secured by an increase in the cement content of th0 which the relative volume* of aggregate aiid paste are
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TER-KMAL BALLiTICS Or COPINCR&F"

- ainteinad.••IS'I' Purtharmoe, a propwr adjust, ally, if the same trouble and expense were applsaC i-
nmet of the gradation and the amount of water. takiug a richer mix or in miking the slab thickr, a

•ement pas• require a certain degree o correlation much greater increase in protection would be secure&d.
without, however, compelling a unique relationship As far u protective construction (fortiat ona,
to exist among the three aggregate parameters named bomb shelters, etc.) is concerned, the net Vault of the
above. Obviously the same wou!d be true for any other small-caliber tests is as follows: Taking for granted
aggregate parameter which might he denvie This that modem methods of mix design ana field pro-
is the reason for the difficulty in obtaining a clear ceduras in handling and placing am usd and that
experimental Indication of the appropriate aggregate a clean, bird aggregate (e.g., quarts or traproek, etc.)
parameter affecting penetration, namely, It Is not poe. can be selected, It Is advantageous to use as large a
sible to vary any one over a very wide range and still fineneas modulus and as large a proportionate volume
maintain the others costant. Some prog"as might of aggregate as poemble in the concrete. The mal-"
be made by using statistical methods, but sufiient mndm aggregate size chosen will, of course, be limiteld
.. data for ths an not now arabl, in the usual way by the availability of a reasonably

Theore-lcal cousiderations have not given a clear good gradation belcw the maximum, the spacing of
solution of the aggregate problem either. Energy con- the reinforcing bars, and the thickness of the section
siderstions suggest that the proportionate volume of to be poured. The change of compressive strength, and
aggregate in th3 concrete should play a role, since the hence of penetration resist-nce, with water-cement
energy required per unit volume to crush a stone ag. ratio was found, approximately, to be such that for

: gregate of good quality is undoubtedly greater than a given amount of cement about the same protection
"that required to crush a unit volume of the Interstitial against perforation can be secured whether a thick
mortar. Since compressive strength is muinly a mea- slab with high water-cement ratio and weak concrete
sure of the quality of the interstitial cement, the or a thinner slab with low water-cement -Wo and
above-mentioned experimental observation that the strong concrete is made.-L
effect of aggregate changes seems to be less with
concretes of high compressive strength tends to sup- i'.ZNoZCZN.
port the crushing enezgy considerations just described. As a material, concrete is much Atonger in wcm-
Sorue English interpretations of concrete penetration preasion than it is in tension. WThen orstremaed by
data"-" suggest that the aggregate effect and ihe static loading it fails in a brittle rather than in a

* scale effect (see Section 7.2.1) arise from the same ductile manner. Under the impact oi bombs and pro.
carso and that penetration is, in fact, a function of jectilea it exhibits the bane general charatetristics,
"" the dimensionless ratio of c-liber to (maximum) ag. which are quite different, Ly vnd large,*from the
gregate size. It may be possible to reconcile this inter- toughness and ductility shown by most metals.
"pretation with the energy consideration discussed When a massive concrete alab suffers a direct hit
above by assuming that the degree of crushing of the penetrating missile crushes the cncreth ahead of
aggregate, and hence the energy required, is in some it and tends to drive the detritus forward and aide-
way a joiut function of aggregate and projectile size. wise. During deep penetrations moat of this crushed
On this basis the scale effect also should be less pro- material is ultimately driven aside because of the -.-a-
uouuuced wi•h .ozi,•,s of high compressive strength action of the compressed and confined material ahead
and greater with weak concretes. This has not yet ol the mimile and because of the pointed nose shape
been observed, but it is doubtful whether the available of bombs and projectiles. This sets up strong radial
"data are adequate to show 'ýhe effect if it does exist. pressures and circumferentils tensions arcund the

The material of which thn aggregate is composed penetration hole which recult in pronounced radial
Shave some influence on ,•enctration resistance, as cracking becauso of the weaknes of the concrete In in.

shown by small-caliber tests," but no quantitative tension. The forces are easily able to crack up quite
"laws connecting this effect with physical properties large masses of concrete unless sufficient reinforcing
of the aggregate material have as yet been found. steel is present to inhibit the spreading of the cracks

On the other hand, tests of special coments or ad- and to offer tensile strength bridging the crecks that.
mixtures have so far shown no significant improve- are formed. With inadequate reinforcing, the struo-
meat in the penetration resistance of the resulting tural collapse follosing the cracking due to a single

5,, concrete in relation to the compressive strength. Usu- ihnt may ',rcach a wall or roof completely.
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Thus the principal function of steriforcement of weakness along which the concreta tend@ to crack m

I& concrete protective structurs is to inhib*t man and sepmrate u a result of impact or &hek.- The la-ttw

crakling u well 6a splUinering, scabbing. and spailling tendency was found to be particularly severe wh..

(we below), which result from a direct hit or expio- sheets of expanded metal were tr.ed as reinforcing pin
aior, and to supply structural, tensile, or fezural burter slab tests.

strength. T effect of reinforcin: steel In resisting Some typiad reinforceme•t patterns ea shown In

* metrtion amg the path o te projectile in ans- Jigume The concrete cover over the faca mats "ouldA

cretes toosmal to warrant any l increasieIn be a thin a practicable in order t reduce sPelin"
perernmU osof sl or in complicaton of the reiforc- and scabbing as much as possible. Figure 6 shows the

ment pattern for this purpose.' See also Section 1&.2.5 effect of front-cover thickness on spall formation In

of Chapter 15, where impact teots on reinforced con- the case of som 15-mm toet&e. nla striking velocity for -.

erte brams are dissed. the upper two photographs wu about 1,900 fps, ean

For protective construction it is felt that rnenforc- about 1,400 fpa for the lower two. Spalling of the front

Ing steel need not exceed about one percent of the cover Is also shown in Figure & Similarly Figure 4
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sT TOW OAft GMR FACA SOTIO OR~~~* Rii~o AR' 0I OR RCAs Face

APPflOVED UZTHOD APPROVD METHOO NOT APPROVED

PFoun & Methods of reiriorcing 6-ft protective wall or roof sab. (From FortUkAtloue, Wines and Dmolit]o Brneh,.
offic of the Chid of E.iza)

-.otsl rolume of the concrete and that deformed bars shows the way in which the scab formed from the bck-

should be used if available. Small bars with close cover is thrown away from the slab while a great deal ...

spacing are somewhat preferable to large bars wish of the broken-up scab material formed within the re-

wide spacing, but the choice should also take into itforcing is retained by the back-face mat. Figure 4

acccunt prcteAl considerations such as the relative also illustrates how the 1)'.-face reinforcing acts to

difficulty of bending and placing the steel. The ad- extend the area of scabbing along the plane of weak.

vantage to be secured by the use of large maximum- ness formod by the mat. It is therefore particularly

sized aggre'ate has been mentioned, and the spacing important to reduce the thickness of the back cover

of reinforcing bars should not be so small as to mk in protetive construction. (See discusason of scab

the proper pladag and consolidation of the concrete plates and meshes below.)

difficult. While closer spacing tends to reduce the Besides reatnicting the size of front and beck c,.r"

width and extent of cracks which intersect the plane and Increasing the resistance to repeated hits by hold-

of the reinforcing, it must also be remembered that ing broken-up concrete in place, the face mats lso

very c1ose spacing has been observed to create planes serve their usual structural purpose In providing flex. -.
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Finoau Mieet of covet on (mat-face crater formastion. The u.pe*r photographs ane &L higher velocity.

ural strength for the dlab, A slab tends to recoil and slab as shown iný Figure 5. These supply tensile
vibrate after impact, so that tensile reinforcing is strength to resilit the cracking occasioned by the pens.

ueL-ded in the front face ax well as in the back face. tration, forces previously described, and are particu.

in protective construction more internal reinfore- larly valusble in holding cracked or broken concrete

Ing is used than in civil construction. Shear steel is in placo to resist repeated fire (however, sae Section

*retqulred to tie the face mats to the body of the slab at 7.2.7). In American practico these intelior mat$ are

frequent intervals in ord.:r to pionxote their anticra. usually somewhat more closely spaced near the sur.

tering functions us described above; an effective sys. faces of the slab (swe Figure 5), while an equal spao.

tern is to tie the face mats together by shear steel ru. Ing is sometimes advocated in England.

ning through the whole thickness of the slab. Addli. SCAB PLLTRS AM2I MzsMM
L. nal reinforcing mats similar to the face mats and Steel plates are often attached to the back face of

parallel to thoem are provided in the interior of the concrete slabs, particularly roofs, to Inhibit scab ejee
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*~tjon and to retain, cab material in the CAseof direct of a burster slab is Increased by this backing over whA

bit Ii orci o fncton roerly ouch uebbing platon it would be as an unbackia, roo a55kb

xlg be attacked by. gtrogly waelde Iugs or hba'y 'In sWAII-sclSi tu 98cbmshebd 3t

~iots t fequnt nteval si shwn n F re7. Spot back surface of the 81ab has given excellent results "a

woltsn ato the sheer teel hatshbeen iond to be inade- retaining scab material from contact explosions on the

quit. Tstsh~veshon te sock of a amep paes. front side of the slab.. The medhwapledi

quatC Tab b ay s hfcownt to beaksc ed v a tad with the form for the back-olab face and was tied

area th reslt n bewows t anyaing no ocab plate to the internal mtinfoltzig structure. 'a Perfnsnst

st all if the platt itself ith"odedototh~ei**tea constructionIt wo ulbfsnt~Mi

PROPERLY TIED SCAIR PLATE$ IMPROPERLY TIED NCAB PLATOS

K ~COt4STRUGTIOt

Strap %as ided ties - *

FIRM EMSDUEO NT or NMA LE ~i(~~ PA O

STRON0G JOINT11

WZAK JOINT 9gTWPE" tAN

BEHAVIOR -

K TNTION OF $CAB MATIERIAL FAIUI.WSR TO IC As 60AD PKLA I

Prausa 7. Susb plates.

concrste scab. Beale en firwly attached, the scab paint or other means to prevent the exPosed portions

plate tihould be made in one continuous sheet if poe. of this mesh from being weakened by rust. In eftect,

cible (or securely welded together at the seems of ad. the idea behind the scab mesh is to prevent the dim.

joining sheets), with the edges embedded in the sup. ago that masy be caused by flying scab pieces by reduc-

* ports as$suggested in Figure?7. Ing tho thickness of the back cover to zero (see the

It is believed tluit a well-dosigned scab plats will discussion of Figure 4 above). It should be emphas.

add from 5 to 10 per cent to the scabbing and perfora- sized that more extensive and larger scal teats of the

tion resist~ance of a concrete slab. In the case of a scab mesh idea are needed before It can be either re.

*burster slab the earth on which it rests forms a back- commended or discardad as far as fuall-scale protective 7-

jog. There is evidence that the perforation recistance construction is concerned..
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TERMNAL MUM=SC 01P CONCIVa -
Lhms an Aim U zw ou would result in a Ae Acresse In the suabbing and pus

* ~ ~ rI tiac L d&lab is comstrcte in several, laye rs es fati resistanes of thme comubanatiom. Thes anomalons
lamin"na itg resistance to perforation tends to be less fact that thin decriem in resistance Ustaly does not
than for a monolithically pored slab of the same di. take plac aPppar to be due to the fict that the pro-
menalons and quality. On the basis of 87-mm tests jectile perforating the tnt sla with a low ~sda
with.a total slab thickness of i toot, it is estimated velocity ttndsto tumble in the airspacsbetweeaalabs
that the perforstio lfmit velocity will Ne kwowyd by and strike the seoned sl" with arge yam
not more than 5 per cent per construction lointL' The The spcod slab construction appears to Ue Tay
enter layers should be at least 2 to 3 calibers thick aud promising an the basis of the model-pub] tests, but,
reasnable care should be taken to secure good me. as inl the case of the scab moashes discussed, above, mare
chanicual contact between the b) as by cleaning &an extenaive andi 151ger-scae tests aft ueeded to decide
washing off the surface with water before each new the reed merits oL the ida..

In new conatruction, poaring In layers or lifts MAY prlinywokaaendnenthpob
be Juistified for several reasons in spite of the indi.
c ated decrease of efficiency in the comncrte used. imi. ln tdsgigcmoiesaso oceeadsel
tations of equipment and length of working shift may or of soil &nd concrete, to resist perforation by. inert
make monolithic Douririg inipractcl Withjeeryithic
slabs it may even be a net advantage to pour the mahsspet ehdeisit ftefolwn .u
in sections with ni.fficiknt time betwsen pour* forgset. pinca procedure." It is assumed that the limit thick-
ting and cooling, because the heat gcn~rato during ness or proof thickness. for each of two materials at
setting may cause mass tempeiature strains and crack- terqie ii eoiyi nw.Tecmpet

ing itha rsulingimpirmnt f pnetatin ~ slab of this limit velocity will consist of a fraction.t
~~S1Wit ol costrutio itis ome~meadesred of the proof thickness of the first material in contact

to icrese he tic~essnaprtecivovalue of exist- with a fraction b of the proof thickness of the second
to Icrese he tickessand rotctie material. A graph Is made by plotting a against b.

ing walls, Toofs, or burster slabs by adding a lay~er of Torqie auso ed&sol i nasot
now concrete.Threurdvleofaadbsollionamot

Fordcagn urpacswit eiherold~r ew on-curve Awloe end points on the nice are fixed because,
struction, it is suggested that, assuming clean contact b eiiin .0we ,ada 0we
between layers, the above-menntioned allowance of S *0 n h uv hudb uhta erae
per cent in hu: t veloeity per construction joint wihl monotonically as b increases and vice Voresa. In gen.
be found to be on the safs side. eral, the curve may be expected to Lis in the viciaity

of the straight line a+ +- 1.00.
SZACID SLA3 A plot of sind .80-caliber data for combinations of

Model-acale teats have shown that a double alsh concrete and steel suggests that these curves may be
construction with an air apace betweeni the slabs may practically the samn~ no matter for what particular
actually be more resistant to scabbing, perforation, limit velocity they are made, and an app roximate mean
sand contact explosions than the same amount of con- curve has been given. For similar .50-caliber data on
crete poured as a singlo slab.5" In W50caliber tests a soil and ouncrete, it was felt to be more appropriate to
double slab system, conakisting of a 6-in, front slab express the a for soil as a fraction of the mean penetra-
separated by a %-in. air space from a 1-in. badc slab, tion distance in soil for the limit velocity. Then thee
was slightly more resistant than a single slab 7 in. versus b curves showed a falling trend with increase in

* Ithick. The combination of a 3- and a 1-in, slab sith limit vel~xity such that the curve falls above or below
a %4ln. air gap had approxiniatoll the as-m rests- the straight line a+ b - 1.00 by varying amounts,
tance to perfora#'cu or scabbing as a single slab 4 in. according as the Limit velocity is below or above about
thick. The coinbi~nhtion of a 3. and a 1-in, slab with 1,400 fpa. A more complete investigation, including
no air gap was less resistant than a single slab 4 in. data for larger ftlibers, should be made.
thick, in agreement with the 37-mm laminated slab A second method of designing composite slabs heas

eslsmentioned above. been suggested, buned on making estimates of the re-
It was originally expected that the scabbing of the inaining velocity of the projectile as it reaches each

first slbinto the air space between the two slabs layer of diferent material after the first." This Wi ~-
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quires having an adequate knowledge cf the variation t-5 Effect of Explosions
of valecitT an a function of depth during penetration The previonseuctions have dealt prindipaly wif .

and perforation (we Seciion 7A) and making suitable the effects of inert impact on a reinforced concrete

simplifying assumptions concerning the possible in- target. With explosive bombs and projectiles the effect
trection the two adjacent materials as the projee- of the explosion is superimposed en the inert effects

tile Croses an L ees. preceding the instant of detonation. The effect of the
explosiou an the target is conditioned by the positim"

FaEr ffeet which the missile has reached at the time of detont-
If a projecile or bomb strikes near an edge of a tion and the deformation, if any, which the misNDle

concrete siab it tends tobedeflected toward the edge, to mL- have suffered in the process.
achieve deeper penetration, and to break out concrete The influence of sticking penetration, ricochet, per-
toward the edge. The effect depends not only on the foration, &nd residual velocity on the results of dote-
"striking obliquity and the nearness to the edge, but nation have already been discussed in Sections 7.,.•

also on thei design of the reinforcing used near the and ?i.& If a missile remains intact during perfors-
Sedge tion and detonates within a protective structure it will

It was concluded from .50-caliber teats at normal cause the maximum damage of which it is capable.

incidence that the edge effect is quite small at dia- This is the primary intention of the attack. Short of
tances greater than 6 calibers from the edge but may complete perforatiou, scabbing offers the next moat

be appreciable at 4 calilers.' The highet striking serious possibility of damage within a heavy concrete
velocity in these teat• was about 2,000 ips a&d there structure. Figure 8 shows, at the top, front and rear

was evidence that the edge effect increaied, that 6s, views of a reinforced concrete slab 19 in. thick after

occurred farther from the edge, with increase in etrik- the inert impact of a 75-mm projectile at 1,250 fpa..

ing velocity. This agrees with the mechanically pns- The lower pictures show the same slab after the static

ible expectation that the edge effect should actually detonation of a simu]ated high-exploaive (HE] pro-

depend directly on the normal depth of penetration jectile containing a little over 2½ lb of TNT in the

in calibers in relation to the distance from the edze penetration hole. The incipient scab of tie upper pho-
in calibers. Weaker oncrete permits d~eeper penetra, tograph has been thrown off, leaving a wide rear crater.

tions and, preztuahly, greater eOge effects. Because down to the back reinforcing mat, and there is a clear
of the scale effect (dee Sectiun 7.2.1), the cormal cali- hole through the slab. The front crater has been
b cr penetration for a e e ven striking velocity increases widened and the reinforcing thrown out from the -

pentrcatioer; ence for a given striking velocity ilea s crater.
Swith calib~er; lence, for a given atrikiag velocity the A useful quanUty in dealing with explosive projec.
edge effect may be expected to increase with caliber.

Fragentry ata romful-scae tSIE indcat th tiles and bombs is the caliber charge density Do de-Fragmentary data from fuU-acale test&"' indicate the fined by:
possibility ol' the edge elfect occurring as far as 15 _

projectile diameters from an edge and increasing in D = - (1)
normal penetratiou by as much as 40 per cent, com- where c is the weight of the charge in pounds and d
pared to penetration in musalve concrete at 8 calibe r is the maximum diameter or caliber in inches. From

from an edge. These interpretations of the suDA the definition of caliber density P (D = to/d'), it
amount of full-scale d•4t. available were purposely Is evident that
made on the safe i'le for the design of protective con-
struction and thus probably overestimate the edge D, = D.- (2)

effect at larger ,caler. where c/w is the charge-weight ratio of the milile.
Due to the edge effect, embrasures, firing ports, Sinca higher charge-weight missiles in general have

anid doors are the weakest parts of a structure."'" smaller caliber densities, Do tends to be more nearly
They are the natural pointa of attack and therefore the same than either D or c/w for HE missiles. Its
merit particular attent.on in the design of fo,-tilca- valu0 seldom •oea nEc, !4o lb per eu in., and many
tions and other defensive structures. Further full- HE shells, SAP, and general-purpose [GP] bombs
scale testL on tha edge effect and means of reducing have caliber charge densities D. approaching this

it are needed, value.
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Fioun 5. Frost and rear view sf typical crt befor as•d Alter atatle detooatlon of HE projectile. '''

The simuid'ed projectile wlose effecta are shown in tion iuto a massive concrete target "is illustated $n-:''.'•

the lower two photographs of Figure 8 had a value of IFigures 9 and 10.1 The crater profiles of Figure 9 are

D. ol about 1/10 lb per cu in., and it was statically based on measurements of three actual shots' with

detonated at the maximum penetration previously caliber charge densities of about 0.007, 0.07, and 0.11

pr.)duced by an inert projectile. It is gencrally felt lb per eu iu,. respectively, reading from top to bottom.
that these o :,ditionu will produce ,q severe an effect The black area in each case represents the additional

on a concrete target as may be gotten in combat from ccncrete removed by the explosion following the inert '

any ot the usual explosive missiles for the caliber and penetration outlined by the white area.

striking velocity used. In this sense, Figure 8 ilima- It is evident that the increase in penetration depth

trates the maximum effect that may be expectcd from produced by td e•.plosaon is fairly small. iccording
an explosive n•isilA when the inert penetration before to a rough rule of thumb tise increase in depth of hole

detonation is near the scabbing limit for the slab. is only about V cAler or less for common types of

The effect of an "plosion following inert penetra. HE missiles.
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* It might be expected that this additional penetra. from tas mean The nature of these fuctuations is
* ten depth would increas with the dspz1h of tLz pmo suggesfted. by the irregular outlines of the actual ctater
* ceding inert penetration because of the increasing profiles in Figure 0. At least until more data on this

conaanment of the explosive charge. In spitie of it. point become available it may be assumed as a fAt
tempts to do so, this expected teudency he. not been approximation that the increase in dfoptJ4 As calibers,

*found in the available observations, but it must be ad- due to an explosion, ia independent of the depth Of
mitted that the data show consldra"l fluctuations imer wassives penetration, attainnd before the de~arton

tion., This even seems to give fairly' good estimates
czu when the missile detonates on the surfuaci of the con-.

SM UFUOT ~crete without penetrating appreciably before detona..
IKPL0SIOILIO

__ __ __ __ __ _A smllimount of data, such as that shown in
* ~Figure 8, for different caliber charg densities, bas

led to the suggestion that the ihcrea ir, depth As
may be estimated urom

as 0.6 (14D,) calibers. (3)

* \ **~ A Additional data are needed to teat this relationship.
This formula has been expressed in terms of the quan.
tity 10D, to facilitate making mental estimate. of As,

. . . .. .... since, for the most affective ILE projectiles and bombs,%

OHAMO/WEIBOW a 1It PEROMN The crater profiles of Figure 9 show that the lit-
FOR w/,df B0.5 LU/1Np eral effect of the explosion is relativcly larger than the

___________Increase in depth of the penetration hole. The increase
~1 of front crater was also shown on the left side of Fig-

~ ure 8. The effect of different types, of reinforcing on
the, widening .nf the f ront crater is illustrated In Fig-
ure 10, where the bottom photographs, showing the

- .. crater after detonation, ore reproduced to the same
;' ' ... scale as the corresponding views before detonation at

.r~. ........ the top. The removal of concrete and the widening
of the front crater are particularly important with
repeated fire (see Sedtion 7.2.7) or in caue the weak-

Oo 0.0? WBIMP
CHARE/WIOH.ILS~EREN1ened wall or slab is subjected to subsequent attack of

FOR wi/d' 0.55 LI/IN.3  any kind.
The effect on concrete due to the ciplosion of a

7, bomb -or other charge in contact with the slab and at
/ ~ various distances from it in a,*r is discussed in Section

15.2. Similarly the effect of underground explosion&
* . .. on reinforced concrete slabs and walls iL discussed in

Section 3.7.
* j In connection with the deaign of fortifications and

other protective structures, attention is drawn to some
model-scale tests of contact ox~plosions on concrete."4

La/MP'These indicated that an advantage wo)uld bo gained
DO 011 8/1H fo th defnde byutilizing the scab-mesh and

OHARGE/WFIGHT a 20 PERarut spaced-slab constructions discussed in Section 7.2.4
FOR *1/13 a .09 L91IN.8 against contact explosions. Larger scale tests of these

FIojnu 9. Effect o1 penatriUca of lout projectaw lus construction methods are needed. 7.
datomton of ex losve proje tlis in reinforced comcete. During World War II, a considerable amount of
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.a .a ., ,

I {.

ViouRs 10. rout crahters before and af~ter stati detonation of HE projeotiles, showing Cf t.t of difTere-t. type of
reinforcing.

Idevelopment work was done on both sides voward in- While no specially de-ignd anticoncreto UPE pro-

creasing the effectiveness of explosive miniailes against jectiles wore developed in the United States during
concrete. The Germans developed special auticonerete World War 11, a very interesting compromise solution
projectiles'"5 for artillery fire (100-mm, 210-mni, was worked out to make usc of standard HE projectiles
etc.) as well as a number of hollow charge projectiles with a speujiti nose fuze for attacking concrete." To
and bombs which could be used against concrete as obtain the maximum explosive efTects that have been

*well as armor." In England, and to a lesser extent, described above, two things are necessary: (1) the
in the United States, thero was interest in increasing miesile must remain easntia.3,ly intact during tbe in-
the size, caliber density, and striking velocity of bombs ert penetration stage preceding detonation, both to .

*for attacking concrete, especially heavy protective con. promote maximumn inert penetration and to keep the
struction like the German submarine pens. A large charge and fuze in condition for high-order detona-
amount oi work was done on methods of breat*~.". tion, and (2) the fuze mnust -ýrovide snifficicut delay
concrete antitank walls and redacing other concrete to permit maximum penetration (or, in the beat cam
det-mmes. (See Sect~ion 7.2.7.) perforation) before detonation. The latter is obvioitsly
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PHYSICAL DESCMM~fON Or PMEOMZ(A SIT

asoindependent to agreat extento he m achanizal projectiles are avass~. It the object is to makeis

Asinder th fuse eondetent, pntesneta h u ract. oer pgaed sizei as forn examp tcrle, ianntitank

probability of deformation to a rciabe£iu .50-caliber nonexplosive projectilmuea. ssv ia

jForm marneaffect the fuze delay should %aat is, withina -aliber radius circle measred from the
least a rat ashe tlmeof penetration. Onthe other Anrt impact point. Thus the later shots fefllwelwith-
hand, it should nat exceed this total time of penetra- in the apall-crater radius of the first shot. The atrik.
tion by too much in case the projectile rebound& from ing velocity wes kept approximately conataat, about
the targe without sticking or in case of ricochet (see 1,400 fps for successive round.. Crater pr`ofil8. were
Section 7.2.2). measured at frequent interval. during the Bring and

* j Very little work has been done on direct mneasure- the number of inert shot. required to perforate dlata
meat of the time of penetration and not enough is of various thicknesses were found. The data show that
known about the theory of penetration- for computing tho additional depth of penetration due to each ina-
this time very accurately (however, :.. Section 7.4). pact was in every case leas than the penetrautioa of
Until a etrexperimental or theoretical basisae the first round and that the number of rounds re.
comes available, ~A is suggested that the total time of quired for perforation Increased roughly as the cobe

pntration 1, be estimated from '" ~of the thickness. This is perhaps physically plausible,

* i-ao the aasuinptioui that equal increments of energy V
SL - delivered by successive shots remove roughly equal

wher e~ s th deph -increment. of concrete from the hole. However, it is
whee -,is hedethof maximum penetration and the stikn that the relation was found for perfora-

to is the striking velocity. A consistent set of unit$S is- tion rather then penetration and also that it holds
implieti; for example, if x, is in ft and %* in fp*, 1, (roughly) down to the single-eliot perforation thick.
will be in see. This relation would be exact if the force Deb&. It ws aso conclude tht multiple-layer i21-
resisting penetration were a constant. However, there ter.-a reinforcing increased the resistance of the &la
are resn for expecting that the estimate Of 91 so ob. to repeated fire attack, relative to that offered by
tamed wfll not be too far wrong in the actual cuse in similar slabs without internal reinforicing we*ta in
which the force during penetration is not strictly con- line with the previous discussion (Section ?.2.4) of

* stant. The relation givet, is at ieast simpler and even the tendency of reinforcing to hold cracked sand
probably more accurate than some relations based on broken concrete in place.
an assumed law of resisting force that have been sug- Some data at larger scale have been obtained on
gested." 5  Equation (4) has some physical basis thi effect of repeated inert fire under field condi-'
and males 411owance in the right direction for both tionL"G The less atrictly controlled conditions make the
X, and r.. It is certainly better than assuming 1,, to analysis of thcae teats more dicult. It hadboon con-
be a constant regardlest of caliber. cluded," however, that the depth uf penetration with

1±?Effcct of Repeated FfrO repeated fire increased at a rate somewhere between
the second and fourth roots of the number of shots,

The effect of repeated hits on reinforced concrete and that perforation could finally Tasult when the
depends on the dispersion of the points of impact and target thickness was only 2 or 8 caliber. greater than

the degree to which the slab reinforcemnent tend. to the total depth of penetration go attained. Within the
hold the del-in in place to offer resistance to later accuracy involved, these results tend to coafirm, the

sive hits fall within the #pall crater of the first ahotý ibers. -

is advantageous for the attac.k, if the object is to per. It should be emphasized that these results weret
forate the slab as 3oon as possible with at least one found for normal, or nearly normal, incidencim. The
projectile, as is oftrn the case when a strong point is depth of penetration for repeated fire measured per.
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* ~~PeadicWulry to the aisb fmo will undoulatedly do- gap dicult. The lees the rainforc neZte or -
Um" 'With UincMSsink obliquity, probably in about siatant tha wall ia to battering and the More sh0t adu

the ratio that the aingle-shot depth decreases. Uow- shell arn required to break it up. For this situskion,
*TVe, for higher obliquities approachimq the ricochet test observations run counter to the usual conclusions
angle, or anMies at which tho first projectile tends to (Section 7.34) that reinforcement tends to hold the
turn end follow a curved path in tha concrte, the cracked san brokun concrete in place If., however, this

repeated fire depth may be expected to ahow less do- reinorcemnent is very heavy, additional shells a*

because, within the craters produced by the first shots, This is probably the best method forx breaching aI the actual striking angle tends to he altered to favor will with gun firs Thle results obtained suggest that
sucosoding vounda. Similar effects may be expected similar combination shot and shell methods would
for the incrersed number of rounds required for per. also be advantageous for neutralizing a concrete-pro.
foration as the obliquity is increased. tected strong point whenever repeated Aire must ha

*Edge effects for repeated glre'have been studied ex- used. In this case the primary object would not news
perimentally and crater profileii determined with GfO- sarily be to create a breach, but to get one or wore
caliber inert projectiles; some observaions are avail- explosive projectiles to detonate within thn bunker
able at :r&W calibers in the report. already cited. In or fortification being attacked.
a general way the results follow the description given

abov an inSecton .2. 7. ANALYSIS OF EXPE1UMENTALJ WORK
Exnsv :ets were madei pinoen Engan docrtuhvrbeidngb

t Wold Wr 1 on he reacingof reinforced concrete In Section 7.2 the more important terminal.

combnatonsof ner AP hotandHE hel. Te ids Anuiberof oreor leas quantitative conclusions

!ng, and breaking uip of the concrete, while the This It is the purpose of this section io show how some
penetrative explosive projectiles will be more effective ttf the more important phenomena way be summwarized

*in removing rubble and .utting reinforcing from tile and correlInted by graphs, diagrams, and empirical
6ection of the wall to be breached. This in turn ~r formulas. Thc empirical formulas will, in turn, form
mits the solid shlot to reach deeper layers of the solii the basis for the theory of concrete penetration to ho
wall and the process is repeated until the requirrA discussed in Section 7.4.
breach is maude. Throughout* this section considerable emphasis Is

Som.e of the conclusions drawn from the JBritio.b put on recommendatioua for further work, both ex-
teat, listed and summarized in the reference givens," perirnental and analytical. The method o! Section
are as follows. Short ranges (1,000 yd or less) ttre 7.3.3 for analyzing the normal penetration curve was
desirable, since random hi'tting is considerably rediscodr devised toward the end of World Wer II. Normal -and the effect of the increaced striking velocity is vi~ry penetrations form the point of departure for the an.

* marked. HE shells must be used in addition to the alysis of scabbing, perforation, the effects cf obliq'iity,
AP chot in the proportion of 1 HIE shell to 4 or 5 etc. It is felt that the muethoda of Section 7'.S. Wil

* AP shot. They are accessary to cut the reinforcir~g form a much more accurate basis for estimating nor.
* and clear the rubble. B!E shells mu3t not be fired tio mnal penetrations than the various methods hereto.

D early or too late. One or #*wo rounds after each tc-n fore used and that the analyses of Sections 7.3.4, 7.3.5,
rounds of AP give the best results. If the firing r~f 7.3.6, and 7.3.7 can be much improved by using thre
HE shells is postponed too long, all the concrete will new method for normal penetration3. It seems logical
have fallen awaty and only the reinforcemuent will be to make a number of recommendations for further
left, in which case it Is difficult to hit and deatrry. experimental work in conjunction with the description
The number of HIE shells should be kept to the mait-i of the analysis of past experiments.
mum necessary to cut the reinforcement and clear the
rubble. An excess of HE will reduce the rubble ,o .Bal-i L-mij* duat, which does not give a good grip to tanic tracksi. A graphical summary of the ray in which the va.
Craters will also be formed, making passge of the rious ballistic limits (perforation, scabbing, sticking,
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ANALYSIS OF K1UPERRLENTAL YORE 21"

and ricochet) vary with striking obliquity and velo,- tially back-fmc phenomean (wee Section 7.1.3). Buk
ity may be giv= in the farm shown in Figures 11 for a sufiently thick *arget, sticking depends on the
and 12. Each such dia•.-m refers to a particular tar. depth of penetration beyond the front face and is,
get and projectile combination; the examples given therefore, classed as a front-face phenomenon (us See.
are based on the same concrete slab and projectile as tion 7.2.2). As the slab thickness is decreased, the

scabbing.lIfilt velocity decreases until the scabbing-
p~e W.~rt a limit curve begin to pass the sticking4imit eur'v%

which is believed to change only slowly, if at
down to this particular slab thickness. With a further
decrease in slab thickness the sticking-limit velocities P
,>-s well as the scab-limit velocities decrease, although

.0p" Wthe scab-limit velocities decrease more rapidly. Thus
with the thin slab, Figure 11, sticking occurs at higher

Opp SOM.i T velocities than acabbin,,, but at lower velocities thanwith the thick slabs, Figure 12. If the slab is sufi-

ciently thin, slicking will presumably not occur at any
velocity, since the slab will be porforated before stick-
ing can taki place.

Ricochet is also a front-face phenomenon (see S•o.
tion 7.2.2), and by definition, eannot occur simul-
tancously with either sticking or perf'oration. However,FRou n 11. "Tliu-elab b allistic lim its. Based o n d ata of ss o ni i ue1 ,rcc e ft ep oetl n

Mus1. Tarjbet, 8.9 in. thick; proicctile, 37-mm MAo,•re 1i. TIrhltl 8.0~ at in. t &ik pr wd~e O7ra • as shown in Figure 11, ricochet of the projectile and I
weight 1.70 lb. scabbing of the target can occur simultaneously.

It is interesting to speculate on the course these
the crater profiles shown in Figures 1 and 2, and in curves should take with inerensing velocity and obUq-.
Data 0hect 2A3 of Chapter 19. The general form of uity: for example, on how the sticking- and ricochet-

the curves shown may be expected to be similar for
any perforable concicte target and nondeforming in- 0', osL.,uV* E csW"-
ert projectile or bomb of conventional type. m k., ~The graphs are symmetrical about the zero obliq- .FO..AT- LiI

uity radius and only one half of the diagram would
ordinarily be needce to present the information. The ' LUT , .
complete diagrams are given hero to emphasize the -
fact that the perforation, scabbing, and sticking limit S WIT

curves all cross the zero obliquity axis normally. This "U
fact must ba remembered when diagrams arc mado F . \
showing obliquities on only one side of 9 = 0 degree. 'b 4'%

These diagrams also show that the perforation, o
Reabbing, and F'icking limit velocities increase faster
than secant 0 with obliquity 0. This has led to at-
temupts to c:xpreas the ratio of the oblique to the nor-
mal limit in each case as a constant power of aee 0, Fiouu 12. Th;ck-lab bal"tlo ltc t,. sBased on data
the exponent being greater than unity. However, tids of Fizure ='. Target, 212 in. thick; projectile, 37-mm
yields only very rough agreement because the beat M&,, weight 1.70 lb.
exponent to fit the data for each limit appears to
vary with both obliquity and slab thickness, limit curves approach one another, or on the expected

A comparikon of Figures 1. and 12 shows that the curvature of the sticking.limit curve. However, this
sticking, scabbing, and perforation limits do not al- is not important until significantly higher striking
ways occur in the same order for various slab thick- velocities are used on concrete. For the situations
nesses. Perforation, of course, always occurs at a which are at present of practical interest the various
higher velocity than scabbing, since both are casen- limit curves may be expected to exhibit the general
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214 TERMINAL BALLI 2Sr OF CONCREIT

charteristics shown in Figures It and 12 and dis. tile either falls othe front or gun aide of the slab
ausA aboe, or else perforates the slab. As shown in Figure 13,

acabbing occurs at greater range" than sticking for
Vulnerable Areas the thin slab while the monverse is true for the thick

The polar diagrams just described show the various slab (2% times as thick) of Figure 14. Comparison
ballistic limits as functions of etriking velocity and of the two figures also shows that sticking occurs at

greater ranges (iL. lo r Io rikng velocities) fer the
,thin slab than for the thick slab.

u. A vulnenble-area plot ,f the typa shown in 1 '"gu"
s IMP 13 and 14 contains practically all of the essential in-

Sformation needed in either an operational analysis of
the estimated effect of a single inert shot attack on a
concrete target or in designing a concrete slab to resist
this specific attack. Analogous diagrams for steel and
armor plate have been used for the design of armored
vehicles and tanks. Their use is suggested in a aimil ."
way in the design of fortifications. The difficulty lies
in making quantitative predictions of the various
vulnerable and ricochet areas for arbitrarily selected
gun, projectile, and slab. Nevertheless, even serniquan.

, - : ,titative maps of this type will help to clarify the for-
tiflcation designers problem.

womnm 13. Thia-slab vulnerable area&. •ased on data for deinrsp roblem.
of Flgv-s 1. Target, . in. thick; prjjetile, 37-m If, for example, a acacoat fortification is beig do.

b180, weight 1.70 lb, muzzle velocity 2900 (aps. signed against 16-in, naval gunfire, only the deep-
water areas from which an enemy might conceivably

obliquity for a specific target and a apecific projectile, fire such weapons need be outside the area deflued by
If, in addition, the muzzle velocity of the gun and the
range-velocity relation of the projectile are known or s o , Mamma
assumed, it is possitle to construct the vulnerable-

area diagrams shown in Figures 13 and 14.
A vulnerable-a..a diagrnm is, in effect, a map laid

out wit4 range and obliquity relative to the target
facti as polar coordinatef. This map shows the outlines .
of the areas within which the gun m,,st be placed to
obtain sticking, scabbiug, or perforation, or to avoid
ricochet, assuming the target to be a vertical wall and
the trajectory to be horizontal at striking. As is obvi- SP ." ,M

rated at all by the gun of the present example for
which the murale velocity, that is, the max-imam veloc-
ity available, is only 2,900 fps. The vuinerable area for i'k,

scabbing i" ' much smaller than that for sticking.
As the slab thickness is decreased, the scabbing area Ftouaw 14. Thtck-slnb vulnerable rasi. Based on . ..

data of Figure 2. Target, 22 in. thick; projectile, 37-mm
increases -while a perforation are: appears and like- MS0, weight 1.70 1b, mustla velocity 2,900 fps.
wise growL It is thought that tW~e sticking region
changes very slowly until the boundary of the scab- the scabbing and riwochet limits. The designer's prob.

bing region overtakes it and that then, with further lem is to choose the site, orientation, and slab thick. . -.

dec.case in slab thickness, the sticking region ex- nesses so that this will be true for each wall of the

panda also, although not so r..pidly as the scabbing fortification. Since this end is to be achieved at the

"area. For su.liciently thin slabs the phenomenon of lowest cost for materials and construction, it would,

st.icking probably disappears entirely and the projec- for example, be concluded in this case that the lau.
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S or that even the seaward wat can be reduced in thick- cal work on concrete, whe. a- the work on steel dealt
or•'

nas by orienting them s that the deep-watar areas almost exclusively with parforation. This sems from
fall within the ricochet regions for these walls. the fact that massive penetration is much easier to

According to this method of analysis, vulnerable- observe and interpret with concrete than with stel.
area diagrams, of the type shown in Figures 13 and Penetrations beyond the bourrelet of the projectile
14, are made for each wall of the proposed fortiica- and up to 10 calibers are easily produced at ordinary
tion or bunker. The vulnerable-area diagram for the velocities in concrete (i.4. below 3,000 fpe), where,-.
whole structure is composed of the separate diagrams with plain and armor steels it is difficult to make
for the walls placed in the proper relative positions to systematic massive penetration measurements even up
one another. The composite diagram is then placed to 2 calibers without projectile shaitter or deformation. P
on a map of the terrain or region chosen for the site, For such depths the special phenomena near the faee
so that the vualneable areas will actually appear as of the target and those caused bi the entry of the
regions on the map. Vulnerability to other forms of projectile nose into the target probably still play a
atta.•k can be similarly analyzed.'" major role, making the observations more difficult to

How can a vulnerable-area diagram be made for an interpret. -

* arbtrary gun, projectile, and concrete target? One It is felt that the theory of massive penetration
may assume that the rr'nge-velocity relation for tho should be less complicated than the theory of perfo-
gun and projectile are known or can be fo--nd. The ration, because in the former only the front-face ef-
question then reducs to the problem of making a fects are present, while in the latter the back-face
ballistic-limit diagram (of which Figures 11 and 12 effects must also be considered. Furthermore, if pens.
are examples) for the particular projectile and target, tration is being studied, almost every shot gives a
because from this a vulnerable-area diagram can be poin. on the graph; with perforation a number of
constructed, using in addition only the range-velocity bracketing 'shots are needed to determine one perfors-
relation. tion limit. It is very dilcuRl to produce identical con-

The problem of predicting ballistic limits for any crete targets at different time, and places, much more
projectile (even assuming it to be inert and nondn- di•lcult than in the case of steels, end hence it is very
forming) at any obliquity and against a given con. advantageous to base the terminal-ballistic studies on

crete target is by no means completely solved. Present experimental penetration curves, each of which is ob-
procedures are based on the following ideas In the tained from a single target, rather than to depend
first place, predictions are based on experimental test sol~ly on the relation between perforation limits as
data rather than on theory. Empirical rules found determined for different targets. It is felt that the

from pernetration observations permit fairly good pre- beat method of comparing the terminal-ballistic prop.
dictions of massive penetration as a function of strik- erties of concrete targets lies in comparing the reape.-
ing velocity (at least for normal incidence) in terms tive penetration curves obtained with the Etme pro-
of concrete properties, and projectile mass, caliber, jectile rather than in comparing the usual engineering I .
aud nooio shape. Experimental data on sticking, ob- specifications and strength teats. It is felt that the
lique penetration, and ricochet are also available, but perforation limit for a given concrete target is, for

further work on empirical formulas describing these practical purposes, uniquely determined by its thick-
phenomena is needed. Final'y, it turns out that fairly nc.a and its massive penetration curve as obtained

good linear empirical relations can be set up between with the same projectile.

massive penetration at a given striking velocity and Resides this connection with ballistic limits, the

the thickness of a slab of the same ccucrete that can penetration curve is of direct practical importance in

be (1) scabbed and (2) perforated. Over a wide range analyzing the effect of explosive missiles and the effect

these relations scem to be ind.pendent of concrete of repeated fire.
properties and even hold fairly well at obliquitles up 7-.s The Dependence of Penetration on
to 40 degreee s StSkdng Velocity

If this work on concrete is compared with the corre- A great deal of attention has been devoted to the
spondiug work on steels and armo., for nondeforming problem of finding a suitable empic:eal formula to -. 1
projectiles, the most striking contrast Is the emphsis represent the observed massive j'netratfon in con.
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crete af an tnert nondeforming boxab or projectik as Reftafftents of the emprial approx•matlon repr-.
a function of striking velocity at normal incidence., suted by equation (5), particularly for values of #be.
This is needed not only for smoothing (since indirid. low 2.00 calibers, could undoubtedly be made, but the
ual penetrations exhibit experimental scattering from formula vnggested has the advautages that it is sImleG
the mean) and for interpolation (since it is practi. in form, that it takes acount off ae and noe effech
sally impossible to obtain ny qpcifie sriking. locity in a resaionable way, and that it involves a sne
by adjusting the powder lod) but ala for extra- parameter c. The latter is very important because it
polation, for example, to estimate accurately the mu.- permits direct comparison of any two sets of penetra.
sive penetration that would be obtained in the con. tion data, regardless of the particular striking veloc.
crete of a given slab for the striking velocity at vhi"h ities use in obtainL-qg ee,
scabbing and perforation are actually observed. (S" For the analysis of concrete Penetration data (nor.
section 7J.8.) mal incidence, inert and nondeforming projeetile.-,

Lacking an adequate theory of penetration, it Is massive concrete target), graph paper, as shown in
believed that, of the empirical relations that have been Figure 15, based on equations (5) and (6), may be
proposed, the following is the most satisfactory both --
for simplicity and for accuracy of representation. " I Poo

o(,) =cV-',

wherea(s) =s8/4 foro0• S.£ • 2.00 calibers
=s-1.O for , k 2.O0ocsl1,b-s (6)

and s =nose depth at the and of penetration, in 1 1I

calibers,
V = striking velocity in fps divided by 1,000, 01

c=constant for a given target and project~ile. I-0
This formula relates and V for normal nondeform.
ing penetration into a massive concrete targeL For
numerical purpozes it is convesient to express V in
thousands of fpa and to deine the units of c accord. 0-,a m s.a.,w
ingly so thai 0(s) will be a dienusiouless quantity. Flouas 1& Graph on which 0(,) - cVL- ropprwents -"

Table 1 gives values of VL6 for V up to 3.0. The Straght line with slope C thLough origin for plotting
normal penet-atlon in concrets of ondrfcar --ng pro-

Values given correspond to striking velocities at in. *tUio " function of striking velocity. Typical sot of .• -
tervals of 100 up to 3,000 fps. This table wiU greatly field data 6 plotted (37q-mm 1.65lb AP projcsWe, data

* facilitate the application of equation (5) to penetra. potnpaeg nA inl rderen• -7). Catuof gravitye ofe

tion data. Section 7.46.

T.Aam 1. Vahts of V.-10 for concrete p"netration used. The ordinates are laid off at distances given by
formula, equation (a).* the function G(s) and labeled with values of s, the

"abscissas are similarly laid off at distances propor.
V (fps) V1.8 r (fps) V." (fps) " tional to VI"" and labeled with the corresponding

1o0 0.016 1,100 1.187 2,100 3.W2 values of v. According to equation (5), the observed
200 0.055 1,200 1.388 2,200 4.134 points of any particular set of penetration' data will
--4 0.192 1,400 1.62 21,30 4.834 be on or near a straight line through the origin; the
500 0.287 1,500 2.075 2,M0 8.203 slope of this straight line will be proportional to the
600 0.309 1,000 2.330 2,600 5.584
700 0.5•2 1,700 2.,99 2,700 5.077 parameter c. Graphical determination of this mean .,

900 0.009 2.81 2.900 U81 straight line offers a simple procedure for smoothing,
900 0.8127 1,V00 3.176 2,WO 8.797 interpolating, and extrapole.ting for any given set of

1,000 1.000 2,000 ,482 000 1 7 observed penetration data. The plot not only displays

"a. -,k yIW#4 l.l, r- 9/0oo- .T4W ie•l i A& • the magnitude of the random experimental errors in.
o ftf.. volved, but also shows just how well the empirical

e references 2, 3, 4, 6, II, 1, 1.18, •, 2 2 4 equation (5) is able to represent the mean of the ob-
3%, 40, 44, 47, so, 52. sorvations. When a suflicently large number of ou:ýh
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plots have been made they ihould be reviewed to Y usually have diffrent values for the calibers to be
search for systematic deviations from the formula, empared Additional data on the scale effect, with
equation (3). If found, then. may in turn lead to im. careful controls to keep K, D, and Yf constant for the
provements in the formula, different calibers, and with the larger caliberas gOing

Fur anumerical evaluations of the parameter c re- wall above 135 mm, will prebably b- requirea In order
ftrring to a specific projectile-target combination, it to improve this acale-effect formulation. Beyond thi-6
i suggested that the following f i uiea better understanding of the physic causes underly-
both for aimplicity and for the relative weighting of ing the scale effect, i needed.
data.• The .50.-&liber data on the effect of nose shape on

(s)penetration are analyzed in the report cited above."
C = • ') This analysis results in the recommendation that thenose-•hpe factor X be estitmated from

This gives the slope of a straight line passing through
the origin and through the center of gravity of the if = 0 -72 + 0.25 Vn- 0.25, (9)
plotted data points (marked + in Figure 15). It also when n is the radius in calibers of a tangent-ogive
tikes some account of the fact that absolute experi. projectile no&e. The dimensionless quantity u is often
mental errors tend to increase with distance from the called calber radius head [crh] in British work; it
origin,. but not so fast u the coordinate. themselvees is denoted by r. in Figure 1 of Chapter 6. The radical

in this formula is the nose height in calibers for the
I Tle Dependence of Penetration on A"e of a tangent ogive. If the actual projectile does

Projectile Mama, Caliber, And Nose h e, not have a tangent-ogivo nose, this formula for X will

and on Target s aPet probably still give satisfactory results provided a i
estimated from an ideal tangent ogive which would

The method just outlined gives a satisfactory repro. most closely approximate to the actual nose shape.
sentstion of the relation between striking velocity and A considerable amount of small-caliber data in
penetration for a wide range of data regardless of tar. available for evaluating the effect of concreta proper-
get properties and projectile mass, caliber, and nose tics on the penetrability X. These data have not as
shape, such that charges in these only affect the para. yet been analyzed by the method of Section 7.3.3,
meter c in equation (5). and this ahould be done. The method of analysis used

Analysis of the uperimental data bearing on these in reporting the .50-calibor data of the last Princeton
effects'* lcads to the following empirical penetration Conerets Properties Survey ew'aluated a "penetration
"formula, based on equation (8): parameter" for each concrete. Examination of the

ideas behind this earlier and less accurate method of
G(s) = XNdI( DV., (8) analysis shows that the penetration parameter there

where K = penetrability of the concrete, used is, in general, proportional to the penetrability
IV nose-shape factor for the proje-tile, K as defined here. Hence the curves given in the re-
d d = caliber or maximum dimeter of the pro. port cited may be interpreted as showing how varies

. jectile (in.), with various concrete properties, although the numer-
D - Wv/d' = caliber density of the projectile ical value of K will be different from that given for

(lb per cu in.). the old penetration parameter. More accurate values
of K for each of the concretes should be calculated

The caliber-density factor D approximates very by the center of gravity method of equation (7),whlch
well the ecct of projectile mass on penetration as far with equation (8) leads to:
as precent data go. Additional data on the eftect of EQ

• projectile mass are greatly needed; these ahould be =------- (10)
.. obtained under carefully controlled conditions, keep- Ndc 0 EDV ''

Ing the other factors as constant as possible while only The caliber density D In lb per cu in. hba been put
the projectile mass is varied over a wide range, inside the summation in the denominator to taks

The scale-effect factor d*s' represent quantita. account of variations in proj.-ctile mas-. Values of
tively the important effect described in Section 7.2.1 K in the interval from 2.0 to 5.0 have been found
"within the accuracy of PREsnt data, in which D and "from typical sets of data.""
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* no ~~~TEM"lAL BALUA5FI( OF CONCUR I>M
Anlyi ofProato n stimating soand,1 a, The question should be umlvdv

Soabbin~ Data by basing the reqired extrapolatlona of the uiAMATO

As mentioned near the end ofSection 7.3.%, the 733adrcmuigbt h ml-adlrefl
analysis of experimental observatons on perforation ting. thhsai-n lagka
hes been based on the massice penetration cunte da& tat. bgnigo ol WrI h ocOa

+-n w" tAt same begiunti anf Worldtil War lavercop

sbtriing velocitig. Usin the poenetAtfe observatioms
on. ~ etimte, y etraolaxonthahypohetcalquastlons. It was felt that the ratio of the limit thik.-

nose penetration so in calibers that would be obtaineuM ~ ieoaint hemuv eerto et
in a massive target of the same properties at the ob. at any striking velocity would be practically aonatanto

served perforation limit velocity v,* iThe actualtbkk- thtis about 3/3 or 4/8. The results described tend
to eimiatetheconcept of proof factors and to replact

nam of the target perforated at this limit velocity is the by th idus tha the dif e (nstead of the
denoted b a audits thickelms in -%libera by sid. rto

Perforation teats were made with .5(0 calior model- ewe efrto-i~ttikss&n aav
scale projectiles on 133 concrete slabs" ranging in ~ a h aevlct oenal
thickness frora 3 to 18 calibers In compressive stegth constant in the case of concrete targets. Analogous

from 1,500 to 17,000 psi, and in maximum aggregate statements can be madsa for scabbing. The Constant
sizefro~tocalbei.Alrge arity f rinlre-difference hypothesis would holl exactly if thoo cc-

Igschemes was also Investigated. It was found that 1~o ~ada.i h attrs fqaln ..

(11) and (13) were unity, in which case the perfora-
within practical1 limits old is a linear function of so tion difference or defJect would be abut I~&~~
and that this function is the same within about 10 adtewbbigdfca beu SISclbers %t Is poe

per cent regardless of t~he target variations tested. The sible that the vuggested re-evoluaf ion of the data us,-
mean relationship, Iag the methods of Section 7.3.3 would lead to some

-~1.23 +- iu7sl.1 uhfruain but uni hnthe perforationan
* " scabbing defects mentioned can only be thought of

was found for perforation-. as rough approximations for thin labs.
* The scab limILi velocity ro was also determined for It should also be pointed out that the linear aP-

each slab and the massive penetration s, corresponding proximiations, equations (11) and (12), cannot hold
to this striking velocity was estimated. As for perfora- for very thin slabs less t&on about 2 or 3 calibers In
tion, linear relations were found betweeu the scab- thickness. The actual rebs' 3s must be curved so as
limit thicicnessatid in calibers end a., the mean rela- to pass through the origin, that is, so that ONd goes
tiQDiIhip bein to zero with s, end so that old goes to zero with so..

It is likely that a composite function Gs aid) of the4 .8+ 1.13s.i. (12) type given in equation (8) for G(s) will be found
The alus o a, nd . ued n obainng he.t9 be proportional to so. end another similar composite

linear relationships wer estimated by a method which fnto ,(i)wl epootoa oa.T h
is pobaly essaccrat tha tht dscrbedIn ec.extent that the thickness defect hypotheses discussd

* j ~~~tion 7.8.8. Using still older and probably even lessIntepeoupaarhhoitewrdpoo.
accurate methods of estimating so and s., the roe-a ira hudberpae yeul

* I ti~'*According. o this reasoning, it will be seen that
1.82 1.24the combination of the penetration equation (5) with

-j7 =1.32+ 1.4 sothe relations at present represented by equations (11)

~ ~(13) and (12) leads to equations of the form

hnad previously been ob~tained for 37-mm, 75-mm, or~~ =vi' (14)
8-in., &and 1.55-mm data.' It is not known whether the o(-\m.*
apparent diflerences between the". relations and those
determined at the .50-caliber scale are real or whether conuecting tho limit tliceknesse 0 and a with corre-
they are due to difterencee in the methods used in spondin3 limit velocities V1 and 'V,. The evaluation
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